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ABSTRACT 


The electroreduction of the polycyclic aromatic hydro- 
carbons anthracene, fluoranthene, and the n-acids tetracyano- 
ethylene and 7,7,8,8-tetracyanoquinodimethane in non-aqueous 
aprotic media was examined. In particular, the interactions 
between the electrogenerated organic negative ions with 
countercations were investigated. It was found that in 
general, the dianions formed ion pairs with alkali metal 
cations but the dianion radicals did not. 

Polarographic reduction waves for mixtures of aromatic 
hydrocarbon-alkali metal cations showed unusual current depres- 
sions. It was found that these current depressions were not 
due to adsorption or film formation processes but to the effect 
of the interactions between the organic dianions with metal 
cations. A model was proposed to account for the current 
depressions and the stoichiometries of the dianion-metal cation 
complexes were determined. However, the formation constants 
for the complexes could not be calculated due to the unstable 
nature of the dianions. Kinetic studies showed that the rate 
of ion-pair complex formation was very fast, close to the cal- 
culated diffusion controlled rate. The experimental rate 
constants were determined based on the competition between 
metal cations and water for the dianions. 


In the case of the n-acids, cyclic voltammetric studies 
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Showed that the electrochemical reduction of the anion radicals 
to the dianions was highly dependent on the countercations of 
the supporting electrolyte. The reduction of the tetracyano- 
ethylene anion radicals to the dianions was found to be either 
quasi-reversible or irreversible depending on the electrolyte 
used. Heterogeneous rate constants were determined from the 
variation of delE(p) values with scan rate. Large shifts in 

Eh values for the second reduction waves of tetracyanoethylene 
and 7,7,8,8-tetracyanoquinodimethane were found when different 
Supporting electrolytes were used, pointing to the existence of 
strong ion pairing of the dianions. For tetracyanoethylene 

the use of mixed electrolytes gave rise to strong adsorption 
effects. Thus ion pairing constants could not be determined. 
However, for 7,/7,8,8-tetracyanoquinodimethane, two types of ion 
pairs were found with stoichiometries of 1:1 and 1:2 (dianion: 
cation). The formation constants for these ion pair complexes 
were calculated. Further evidence for the existence of 
dianion--cation interactions was provided by the shifts in IR 


adsorption bands with different supporting electrolytes. 
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Chapter 1] Introduction 


1.1 Objective 


The main goal of this thesis research is to in- 


vestigate the interactions of the electrochemi- 


cally generated negative ions of polycyclic aromatic 


hydrocarbons, and the n-acids tetracyanoethylene and 


7,7,8,8-tetracyanoquinodimethane with cations present 


in solution. The electrochemistry is investigated in 


nonaqueous, aprotic media (N,N,dimethyl formamide (DMF) 


and acetonitrile (ACN)). It is envisioned that through 


these studies the electrochemical behavior of the 


organic substrates could be established, as well as 


the dependence of this behavior on various counter- 


cations and also the role played by the solvent 


medium. In particular, the manner of interactions of 


electrogenerated organic negative ions with cations, 
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their stoichiometries and the mechanism of these 


interactions are examined. Although many polycyclic 


aromatic hydrocarbons are studied, a detailed report 


is confined to two of them; namely, anthracene and 


fluoranthene. The cations considered are alkali metal 


and tetraalkylammonium. The justification for these 


types of studies is well-established. Electrochemical 


characteristics can give insight into the molecular 


structure of reactants and products (1-3). Reduction 


potentials can be correlated to electron affinities 


and molecular orbital energy (4-8). Electrochemical 


behavior can be dependent on the nature of electrolyte 


cation (9-11). The anions of organic molecules are 


known to be reactive species. The reactivity of these 


species is greatly affected by the presence and type 


of ionic interactions in solution (12-16). In some 


cases the reaction pathway can be altered (17,18). 
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Solvation plays a major role in all these processes 


and must be considered. It is intended that the 


results of these investigations add to the knowledge 


of these areas of chemistry. 


1.2 Historical Background 


In the following sections, a historical survey of 


the areas pertaining to the present research will be 


Summarized. 


1.2.1 Electrochemical Reduction of Aromatic Hydrocarbons 
In Non-aqueous Media 


The earliest studies on the electroreduction of aro- 


matic hydrocarbons were done by Laitinen and Wawzonek 


(19-20), and Wawzonek and Fan (21). These investiga- 


tions were not carried out in fully non-aqueous media 


but rather in 75% dioxane-water mixture. Polycyclic 
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aromatic hydrocarbons e.g. anthracene were found to 


give a two-electron polarographic wave. Anthracene 


gave a small second wave in this medium but it was 


ignored. A mechanism involving the transfer of one 


electron from the electrode to the organic molecule to 


form an anion radical was postulated. This was an 


important step at this time and Austen et al (31) 


later proved that the intermediate in the first 


reduction step was indeed a free radical ion by 


electron spin resonance (esr) studies. Chopard- 


dit-Jean and Heilbronner (22), from their studies 


of reduction of azulenes, deduced the general rule 


that alternant hydrocarbons always give a two- 


electron polarographic wave whereas non-alternant 


hydrocarbons may give either a one- or two-electron 


wave. Hoijtink et al (23) recognized that the 


mechanism proposed earlier (19-20) was inconsistent 
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with the results; namely, the existence of the 


second wave. They found that in 96% dioxane-water 


mixture (a "more aprotic" solvent than 75% dioxane- 


water), anthracene exhibited two successive one- 


electron waves of approximately equal height. If 


the water content was increased, the first wave 


changed from a one-electron to an overall two- 


electron wave with the disappearance of the second 


wave. The same effect could be brought about by 


the addition of hydrogen iodide as a proton source 


instead of water. Thus, the general rule derived 


by Chopard-dit-Jean and Heilbronner was shown to 


be incorrect. Subsequently, the reduction of 


aromatic hydrocarbons was carried out in acetoni- 


trile and dimethylformamide (24) and similar results 


were obtained. Hoijtink et al extended their studies 


to dimethylformamide solvent and found that for all 


som 
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the aromatic hydrocarbons studied, the rate constants 


for the first electron transfer were practically the 


Same and had the value 0.1 cm/s. However, it is 


now known that rate constants for electron transfer 


to aromatic hydrocarbons are very much faster (28). 


Aten et al (29) determined a value of 5 cm/s 


for the first electron transfer and about one order 


lower for the second step. Kojima and Bard (30) 


found a value of 5 cm/s for the first electron 


transfer of anthracene and perylene in DMF. Further, 


it was found that addition of water up to 5% did 


not affect the processes in the first wave. 


The mechanism currently accepted for the electro- 


reduction of aromatic hydrocarbons, as was established 


Hoijtink et al and later confirmed by Given and Peover 


(26,27), is discussed below. Ina totally aprotic 


environment, the reduction of the aromatic hydrocarbon 


by 
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occurs in two successive one-electron steps 


R: +e = R= EZ 


where E2 is more negative than El. 


Since the rate constants for electron transfer of both 


processes are large, the Nernst equation will be obeyed 


and the processes are reversible. However, a totally 


aprotic environment is difficult to achieve for even the 


most carefully purified solvent contains traces of water. 


The dinegative ion is more reactive than the anion 


radical, and while small amounts of proton donors may not 


react with the anion radical, they could cause the pro- 


tonation of the dianion. 


Then R= + HX = RH- + X= =, and 
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RH- + HX = Rip ene 


The rate of protonation is dependent on the proton 
affinity of the dianion and on the strength and amount 
of the proton donor. The product of protonation, RH55 
could further be reduced to give rise to additional 
wave(s) at more negative potentials. It has been 
reported that dianion protonation could be prevented by 
adding neutral alumina to the solution to remove the last 
traces of proton donors (32). 

If sufficient proton donors are present, the stability 


of the anion radical could be affected: 
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In the case of alternant hydrocarbons, the radical 


RH” is always reduced at a potential less negative than 


the parent R and therefore will be reduced as soon as it 


is formed (23). In this case only one wave will be 


observed involving the overall transfer of two electrons. 


In the intermediate case where the rate of protonation of 


R= is not too fast, two waves will be observed, the first 


of which (involving more than one electron) will be 


greater in height than the second. Detailed discussions 


regarding this mechanism are discussed in the references 


cited. A review was given by Hoijtink in 1970 (4). 
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beeee Electrochemical Reduction of Alkali Metal Cations 
in Nonaqueous Media. 


The first reported electrodeposition of alkali 


metal in nonaqueous solvent was in 1895 by Laszczynski 


(33). Up to the 1920's a number of studies on the electro- 


chemistry of alkali metal cations had been made, most of 


which were rather qualitative in nature. A review was 


made by Brenner in 1967 (34). Observations of the 


electrochemical reduction of alkali metal cations in 


nonaqueous solvents are important in the understanding 


of solute-solvent and solute-solute interaction in 


solution. Also they have a direct impact on the field of 


high energy density batteries (35,36). 


The electrochemical deposition of alkali metals on 


electrodes of the same metal or on inert materials such 


as vitreous carbon or pyrolitic graphite (37), platinum, 


etc. in nonaqueous solvents is complicated by the extreme 
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reactivity of these metals. The deposited metal could 
react with the solvent or with trace impurities (water, 
oxygen) present. Such reactions lead to highly irrepro- 
ducible results (38-40) and possibly, in the extreme 
case, to the passivation of the electrode towards further 
electrolysis. Further, where the electrode material is 
different from the deposited metal, implantation of the 
deposited metal into the electrode often occurs (41-43). 
Such problems are essentially absent where mercury 
is the electrode material since the alkali metal is 
dissolved in mercury and forms an amalgam which greatly 
lowers the reactivity of the metal. Thus, at the 
mercury cathode, reduction of the alkali metal cations 
can conveniently be performed even in aqueous media (44- 
48). The d.c. polarographic behavior of alkali metal 
cations has been studied in such nonaqueous solvents as 


acetic acid anhydride (49), propionitrile, benzonitrile, 
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phenylacetonitrile (50), isobutyronitrile (51), dimethyl- 


sulfoxide (52,53) and a host of other solvents (54-57). 


Alkali metal cations, in general, give well-defined, 


diffusion-controlled polarographic waves in nonaqueous 


solvents. In acetonitrile (58) the reduction of sodium, 


potassium and rubidium iodides, with tetraalkyl ammonium 


Salts as supporting electrolyte, show reversible char- 


acter. Similar behavior was obtained in dimethyl form- 


amide (59). However, the nature of the reduction of 


lithium cation is somewhat more contradictory, as can be 


seen from literature results. For example, Brown and 


Urfali (59) found lithium reduction to be d.c. reversible 


in dimethyl formamide whereas McMasters et al (60) 


observed irreversible behavior in the same solvent. 


Diggle et al (61) pointed out the results obtained by 


the above workers are not comparable because Brown and 


Urfali used iodide salts whereas McMasters et al used 
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perchlorate salts. They determined values of standard 


heterogeneous rate constants ks for the cations at the 


hanging mercury drop electrode, in dimethylformamide, by 


cyclic voltammetry. It was found that ks increased in 


the order Lit (1.2 e-3 cm/s) < K+ (4.3 e-3 cm/s) 


< Nat (7.2 e-3 cm/s) < Cst+ (9.4 e-3 cm/s) 


Although the authors found that lithium reduction was d.c. 


reversible, they reported that in general, lithium reduction 


is less reversible than the other alkali metal cations. 


The ease of alkali cation reduction has been 


correlated to their solvation energies, where more nega- 


tive values of solvation energies are associated with 


smaller values of ks. The trend above is in agreement 


with this since lithium is the most strongly solvated 


and caesium the least. This type of argument has 


frequently been used to explain trends in ks values for 


alkali metal cations (61,62). 
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In dimethylacetamide, d.c. polarographic and 


oscillopolarographic studies again showed that sodium, 


potassium, rubidium and caesium cations are reduced 


reversibly (63). However, lithium was not reduced in 


Strictly anhydrous dimethylacetamide in the potential 


range available. With the addition of water, a wave 


appeared which shifted more positive with increasing 


water content. Also, the wave height increased with 


increasing water content up to 3% water, then remaining 


constant up to 7% water. Logarithmic analysis showed that 


the wave (3% water) was partially irreversible with a 


66 mV slope. However, oscillopolarographic results 


indicated that the reduction was reversible. The above 


results were explained in terms of strong solvation of the 


lithium ions forming a stable symmetrical complex with a 


high polarographic overvoltage. Addition of water 


distorted the symmetry of the complex and decreased this 
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overvoltage. Also, the d.c. irreversibility was attributed 


to slow deactivation of the primary reduction product which 


under oscillopolarographic conditions was not given enough 


time to occur, thus explaining the reversibility under 


these conditions. Besette and Harwood (64) studied 


the same system using cyclic voltammetry. They found 


agreement with the above results. A series of periodic 


Oxidation waves was obtained on the reverse scan in cyclic 


voltammetry. These oscillations were attributed to 


reaction of the lithium amalgam with water, giving rise 


to a film of lithium hydroxide and hydrogen gas evolution. 


More recently, Fawcett and co-workers, in a series of 


studies (65-67), investigated the effect of solvents, 


solution composition and electrode composition on the 


electroreduction of alkali metal cations. They found that 


the kinetic parameters, namely, ks and a, the apparent 


transfer coefficient, depend strongly on the above factors. 
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Changes in solvation of reactants and products and the 


electrostatic environment were considered to be the main 


contributing factors. 


1.2.3. The Interaction between Aromatic Hydrocarbon 


Negative Ions and Alkali Metal Cations 


No account of the interactions between aromatic 


hydrocarbon negative ions and alkali metal cations is 


complete without mentioning the early attempts in trying 


to react hydrocarbons with alkali metals. Berthelot (68), 


in 1867, reacted potassium directly with naphthalene at 


elevated temperature and obtained the dipotassium product. 


More intensive studies were made by Schlenk et al in 


diethyl ether as solvent (69,70). The reaction of sodium 


with anthracene was observed and lithium reacted with 


naphthalene to give the dilithium product, though only to 


a limited extent. A solution of sodium in liquid ammonia 


was reported to bring about the addition of sodium to 
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naphthalene (71), a 4:1 ratio of sodium to naphthalene 
being observed. However, ether was not a very successful 
solvent for these reactions because only a limited number 
of aromatic hydrocarbons could be coaxed to react and even 
then reaction rate was often slow. Liquid ammonia was not 
Satisfactory because rapid ammonolysis of the reaction 
product occurred (72). Significant progress was made when 
Scott et al (72) discovered than certain ethers like 
methyl ether and 1,2-dimethoxyethane could promote the 
reaction of alkali metals with aromatic hydrocarbons. 
Jeannes and Adams (73) investigated the addition of 
sodium with phenanthrene and proposed a mechanism as 


given below 
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It appears that this is the first instance where 
some sort of anion radical intermediate was proposed. 
However, the authors erroneously thought that the green 
color of the solution was due to the dianion which was 
also thought to be the major product. From these 
pioneering studies, it was realized that the soluble 
alkali metal-hydrocarbon complexes are highly colored, 
very reactive and ionic in nature (as evidenced by the 
electrical conductivity of the solutions (74)). 

However, the mechanism of the reactions and the type of 
products formed was not well understood. For example, 

it was thought that the reaction of naphthalene with sodium 
involved the transfer of one or two electrons from sodium 
atoms to one naphthalene molecule and a complex of the 

form NaC figNa was proposed (74). Also, stoichiometries 
such aS 1:1, 2:1, 4:1 for alkali metal-hydrocarbon 


complexes have been proposed (see previous references). 
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The next important step was made by Lipkin et al (75) 


who first established the free radical nature of the 


product of these reactions. They reacted sodium with 


naphthalene, anthracene, phenanthrene etc. in 1,2-dimeth- 


oxyethane and tetrahydrofuran and found that the product 


exhibited intense paramagnetic absorptions and al] 


products were found to have a free electron value of one. 


They deduced that the reactions involved the transfer of 


one electron from sodium to the hydrocarbons to form free 


radical ions. However, it was not thought that dianions 


could be formed as well. The equilibrium nature of alkali 


metal-hydrocarbon reactions was known (72) and these 


authors suggested that the principal factor which determines 


the ability of high oxygen content ethers such as dimethyl 


ether and 1,2-dimethoxyethane to promote reaction was due 


to the favorable energy of solvation of the metal ion 


(and possibly the hydrocarbon anion) thus shifting the 
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equilibrium to the anion side. They also suggested that 


the solvation of the metal ion involves chelate structures 


with unhindered ethers as was proposed earlier (37). At 


about the same time, Weissman et al (89) reported the 


first published hyperfine splittings in the paramagnetic 


resonance spectrum of the naphthalene anion radical in 


tetrahydrofuran which exhibited nineteen components. Chu 


and Yu (76) studied the magnetic susceptibilities of 


sodium with anthracene, biphenyl, naphthalene, phenanthrene, 


and m-terphenyl in tetrahydrofuran. They reported that 


in the case of anthracene and phenanthrene, dianions are 


formed as well as anion radicals. 


Further studies in this area were made by Hoijtink 


(77,78, 81-87) and co-workers. Comparison was made 


between chemical and electrochemical reductions, both of 


which yielded the same products, namely, the anion radicals 


and dianions. However, in the case of chemical reduction, 
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whether or not the dianions are formed depends on the 


electron affinities of the hydrocarbons. Potentiometric 


(77,78) and spectrophotometric (80) techniques were used 


to establish a relative electron affinity scale for the 


hydrocarbons. In the potentiometric studies, standard 


reduction potentials referenced to the reduction potential 


of biphenyl were in good agreement with polarographic 


values. However the results obtained from the two 


techniques did not agree. Jagur-Gradzinski et al (88) 


made careful studies in tetrahydrofuran using both 


techniques in order to resolve the differences obtained 


in the two studies above. They assumed that the ions 


are mainly undissociated in tetrahydrofuran, and compared 


the two techniques. Their results were in qualitative 


agreement with those of Hoijtink et al (78). 


In most of these studies, it was implicitly assumed 


that the hydrocarbon negative ions exist as free ions in 
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solution. The role played by the counterions in solvent 


was not well understood. However, the pioneering work of 


Winstein et al (90) and Grunwald (91) has established the 


existence of different types of ion associates. Szwarc 


and his school established the presence of an equilibrium 


between contact and solvent-separated ion pairs (92). 


There has been tremendous interest in the reactivities of 


organic anions since they take part in numerous important 


processes. For example, radical anions act as initiators 


in anionic polymerization (93). These reativities are 


greatly affected by counter cations, solvent, and tempera- 


ture. It is interesting to note that early interest in 


alkali metal-hydrocarbon reactions led naturally to later 


Studies of ionic interactions and discovery that these 


reactions occur so well in solvents of low dielectric 


constant such as tetrahydrofuran, 2-methyltetrahydrofuran, 


1,2-dimethoxyethane and dioxane. It follows that chemical 
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reduction is the predominant method of generation of 


hydrocarbon anions in later studies. More attention has 


been paid to anion radicals than dianions. There are 


several reasons for this. First, chemical reductions do 


not produce dianions in all aromatic hydrocarbons. Second, 


the dianions, even if they are produced, are much more 


reactive than anions, and require special techniques for 


their preservation. Third, one of the most powerful 


methods for studying ion associates is electron spin 


resonance which can only be applied to free radical ions. 


Electrochemical generation of anions has been employed in 


numerous such studies (31, 94, 95). 


Many techniques have been used in the study of ion 


pairing. Conductance methods were used to detect the 


presence of ion pairs of polycyclic aromatic hydrocarbon 


anions with alkali metal cations (96). Spectroscopic 


methods include UV-VIS (93,96-98), and infrared (99-101). 
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However, by far the most powerful and popular techniques 


employed are magnetic resonance, both nuclear and electron 


Spin. These methods yield detailed information about the 


structural and dynamic properties of the various ion pairs. 


Several reviews have been written concerning the develop- 


ment of the concept of ion pairing and its importance in 


different fields of chemical research (14,15,102). 


1.2.4. Tetracyanoethylene (TCNE) 


There is tremendous interest in tetracyano- 


ethylene and its related family members due to their 


unusual properties. TCNE was the first of a new class 


of compounds (known as percyano olefins) to be synthe- 


sized (103). Prior to this, the only known cyanocarbons 


were dicyanoacetylene and dicyanobutadiene (104). TCNE 


is exceptionally reactive and undergoes addition and 


Substitution readily. These reactions have been 
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discussed (105-109). 


The physical and electronic properties of TCNE have 


been extensively studied. Relative electron affinities 


were obtained from studies of molecular charge transfer 


complexes (110-112). The absolute electron affinity was 


found to be 2.3(+0.3) eV by the technique of photo- 


detachment of electrons from negative ions (113) which 


is about 0.5 eV less than the value obtained by the 


magnetron surface ionization technique (114). The 


theoretically calculated value is 3.06 eV (115). 


Vibrational spectra of TCNE has been studied in detail. 


Raman and iR spectra, both in the solid state and in 


solution have been published (116-122). Electronic 


absorption spectra in solvents such as 2-methyltetra- 


hydrofuran (123) and acetonitrile (124) are available. 


Theoretical absorption energies (125) and simulated 


Spectra (126) have been calculated. 
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The most widely studied property of TCNE results 


from the presence of its four cyano groups. These four 


electron withdrawing groups make TCNE a very strong n- 


acid. It forms molecular n-complexes with mn-bases such 


as aromatic hydrocarbons. The formation constants of 


these complexes have been obtained from spectroscopic 


(127) and polarographic studies (128,129). Molecular 


orbital calculations of these complexes have been made 


(130). 


TCNE can be easily reduced in a number of different 


ways. Chemically, it can be reduced by iodides, thiols, 


mercaptans and hydrogen on palladium (106), and even 


cyanide ion (124). TCNE is found to react with metals 


such as K, Na, Al, Mg, Cu, Pb etc. at room temperature 


to give the corresponding metal salts (124,131). The 


existence of these metal tetracyanoethylenides was first 


recognized by Weissman (132). These metal salts are 
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very stable in the solid state. For example, K+TCNE= 
has been known to remain unchanged even after heating for 
three hours at 150°C in an inert atmosphere, and also 
after exposure to the atmosphere for one month (124). 

The anion radical of TCNE (TCNE~) can also be pro- 
duced by irradiation with a light pulse from an Argon flash 
lamp (133). In solution, the anion radical, in contrast 
to the solid salt, is sensitive to oxygen and less so, 
to water (124). It has been reported that TCNE~ is produced 
Spontaneously in solvents such as dimethylsul foxide, 
dimethylformamide and dimethylacetamide, the rate of 
production being accelerated in the presence of light. 

The anion radical production was explained in terms of the 
thermal ionic dissociation of the electron donor-acceptor 
complexes (EDA) formed with these solvents (134-137). 
However, Butler et al studied the dimethyl sul foxide-TCNE 


system and came to the conclusion that the presence of TCNE~ 
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tee the result of complex chemical reactions taking place 
between the components of the system and not due to thermal 
dissociation of the EDA complex (137). 

TCNE~ has been studied by IR and Raman spectroscopy 
(121,138-141) and UV-VIS spectroscopy (123,142). 

Electron spin resonance studies were undertaken (143-145) 
to study the effect of counterions on the reactions of 
TCNE~. Theoretical studies on the electron spin distri- 
bution of TCNE~ have also been made (146). 

The anion radical and dianion of TCNE can also be 
prepared by electrochemical methods. Peover studied the 
polarographic reduction of TCNE to TCNE~ in acetonitrile, 
dimethylformamide, chloroform and methylene chloride. 

In acetonitrile and dimethyl formamide using tetra- 
ethylammonium perchlorate, the reduction was found to be 
reversible and involved the transfer of one electron. 


Further reduction was not carried out. In chloroform, 
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using tetrabutylammonium perchlorate (0.5M), similar 
results were obtained. However, in methylene chloride, 
reduction to the dianion was carried out (0.5M tetra- 
butylammonium perchlorate). Both waves involved one 
electron transfer and were reversible. Van Duyne et al 
(138) reduced TCNE at platinum electrode in acetonitrile 
using tetrabutyl ammonium perchlorate as solvent. 
Employing cyclic voltammetry they found the first wave to 
be a reversible one-electron wave and the anion radical 
was found to be stable over at least 40 minutes. However 
the second wave was irreversible. The irreversibility of 
the second reduction was attributed to the change in 
geometry in going from TCNE~ to TCNE= . Pons et al (139) 
obtained similar results, but showed that the irrever- 
sibility was due to other causes. Kaplan et al plotted the 
reduction potentials against the calculated energy of the 


lowest unoccupied molecular orbitals for a series of 
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cyanocarbons but could find no correlation (147). Hetero- 


geneous rate constants for the first electron transfer 


have been determined by cyclic voltammetry at different 


electrode materials and in different solvents. The 


diffusion coefficients were also obtained (148,149). 


1.2.5 7,7,8,8-Tetracyanoquinodimethane (TCNQ) 


Since the discovery of TCNE, and the demonstra- 


tion of its exceptional properties, there was increased 


effort to explore new members of the percyano class of 


compounds. Particular interest was paid to structures 


where the ethylene bond was replaced by a conjugated 


system. One outstanding member which surfaced was 


7,7,8,8-tetracyanoquinodimethane (TCNQ). 


TCNQ was prepared for the first time in 1961 (150) 


but details of its preparation were only published in 


1962 (151). Although many properties of TCNQ parallel 
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those of TCNE, there are also some important differences. 


For example, TCNQ undergoes displacement of its cyano 


group on the same carbon atom as does TCNE. However, 


TCNQ does not form the Diels-Alder adduct with dienes and 


addition occurs at the 1,6-positions in contrast to the 


1,4-positions for TCNE. 


TCNQ, like TCNE, is a strong n-acid. It has been 


reported (152), based on polarographic half-wave potentials, 


that TCNE has the stronger acidity of the two. The Eh 


values, obtained in acetonitrile, are TCNQ = +0.127 V 


(vs SCE) and TCNE = +0.152 V (vs SCE). However, 


experimental (115) and theoretical (113) determinations 


both showed that TCNQ has slightly higher absolute 


electron affinity. The experimental values were 2.4 and 


2.3 eV for TCNQ and TCNE respectively and the theoretical 


values were 3.42 and 3.06 eV respectively. 


Like TCNE, TCNQ forms 1:1 1-complexes with many 
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organic donors. These complexes can be isolated in the 


solid form. Many of them are electrically conductive and 


have been the subject of intensive research. The electrical 


properties of the most famous of them, the tetrathiofulva- 


lene-tetracyanoquinodimethane (TTF-TCNQ) complex was 


first discovered by Heeger et al (153). It was found that, 


at room temperature, TTF-TCNQ has an electrical conduc- 


tivity comparable to that of graphite (about 1000/2 cm). 


The conductivity increased dramatically at lower tempera- 


tures, reaching a maximum value of slightly over 11000/2 


cm at 60 K before decreasing again. Due to this high 


conductivity and its chain-like structure, it has been 


referred to as a quasi-one-dimensional metal (154,155). 


The duPont group, who discovered TCNQ (as well as 


TCNE) (147), has published an extensive series of studies 


of the chemical and physical properties of TCNQ and its 


derivatives (151,152,156). TCNQ can be easily reduced to 
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its anion radical by iodides and metals such as copper, 
Silver, etc. to form simple salts. With tetraalkyl- 
ammonium cations, complex salts of formula M+:(TCNQ~)TCNQ 
are obtained. Peover (128,129) has studied TCNQ-aromatic 
hydrocarbon complexes polarographically and has 
determined their stability constants. Heats of formation 
and electron affinities have also been derived from 
thermochemical studies. As for TCNE, relative electron 
affinities have been determined (110-112) and absolute 
electron affinities obtained both experimentally and 
theoretically (113-115). Various spectroscopic methods 
have been employed to study TCNQ and its anions. 
Jeanmaire and Van Duyne obtained the electronic and 
Raman resonance spectra of TCNQ and its anion radical in 
acetonitrile. The anion radical, TCNQ’, was generated 
electrochemically (157). Infrared spectroscopy has been 


applied to the study of its anion radical in solution 
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(158,159) and in the solid state (160,161). Khatkale 


and Devlin studied the vibrational and electronic 


Spectra of the mono-, di-, and trianion salts of TCNQ 


using a vapor deposition method (162). The resonance 


Raman spectroelectrochemistry of the dianion and its 


oxygen decay product was studied by Suchanski and Van 


Duyne (163). Theoretical calculations of the spectro- 


scopic properties of TCNQ, TCNQ~, and TCNQ= have been 


performed. The ionization and reduction potentials and 


dipole moment has also been calculated theoretically 


(126). Electron spin resonance has been applied to the 


Study of TCNQ and its reactions (165-167). Theoretical 


spin density distribution calculatons have also been 


made (146,147). 


Electrochemical studies have shown that the reduc- 


tion of TCNQ in homogeneous solvents involve two well- 


defined one-electron steps, with the formation of the 


=> 


ms, ss vr o. . 
at ee bane tenotientiy sia bettors ante 


: pT Io Siler wataglaadire Abb ,-eamraea staat . 


eaagtotan StT . (SOL) Senden inmtsieoghh -OGhY & githay 


“—- 


ex tne GG?nst> saF Yo cig tnajioen faa Teariange Aacabh 


sPeaey2 sniotc.. anal in 7s Be tasptenhanlt, (tal) engl 7 


aa ined) aeretout Va heliaise 76K Tatar yansh ragy an 


nes’ ayed, epway treet OMIT 46 Getiragose Docs 


7 


iE +fe* | v990q i TVOS De ‘ROTTS wil alt 4 apr Pag = 


Rt TRO 


aaa aie nal hoayA nawe: Sati ALHYY nraec rire) 92 4 ~ (es) 


i 
LAl-2ac) enghSoeetyetithes “GRIT 10. Youle 


. 
sagen? Hate furleo-nepe 57107 SEP inenoan wfouth | 


pet teahanl 
wat omte oven aHoseuotes nai gultaiate ii Fenem WPge 

{Shy ORE ata 

oul) utd. f4A) mite avert saith ‘TeatmatvoW a : 


‘aa - +s) = 
os" ay lowni einay ide euesne 


ante % ag oe afi ate a. : 
7 > 
ot "> 


a beet SAA oh 


42 


anion radical and then the dianion. Peover found that 


both steps were polarographically reversible in chloroform 


and methylene chloride. In acetonitrile and DMF, where 


only the first reduction step was studied, the same 


result was obtained (128,129). Suchanski and Van Duyne 


also found reversibility for both electron transfers in 


acetonitrile on a voltammetric time scale (0.2 to 2.0s 


(163). Sharp obtained the heterogeneous rate 


constants for the first reduction steps in various 


dipolar aprotic solvents and at different electrode 


materials. Diffusion coefficient values were also 


obtained (148,149). 


Due to its additional conjugation, the anions of TCNQ 


are expected to be more stable than those of TCNE (148). 


However the stability of the anion radical and dianion are 


still affected by oxygen and water. In deaerated aceto- 


nitrile, TCNQ” is reported to be stable for 3 hours whereas 
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TCNQ= at least for 40 m. The oxygen decay of TCNQ= 


has also been studied (163). The rate of protonation of 


TCNQ* in methanol, ethanol, acetonitrile and water has also 


been determined (169,170). TCNQ* is known also to dimerize 


in water (171). 
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Chapter 2 Electrochemical Techniques 


2.1 Introduction 


In this chapter the electrochemical techniques 


employed in this reasearch are described. As far as 


possible, detailed mathematical derivations are avoided. 


Since most of them are established techniques, the 


details are presented in most textbooks and review 


series (172-176). However, pertinent equations will be 


given here. 


2.2 General Considerations 


The modern electrochemical experiment employs a 


three electrode system. This consists of the working 


electrode, where the electrode reaction of interest is 


monitored, the counter electrode which completes the 
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current path through the solution, and the reference 


electrode. The reference electrode draws extremely 


small currents and its potential remains essentially 


constant. The applied potential is controlled with 


respect to the reference electrode by a potentiostat. 


Also, depending upon the technique used, a potential 


program (e.g. ramp, pulse etc.) can be applied from 


some source such as a waveform generator. 


In earlier two electrode systems, problems of 


voltage loss (iR loss) due to high solution resistance 


(especially in nonaqueous media) arose. However, with 


the use of the potentiostat employing operational 


amplifier circuitry in a three electrode configuration, 


the iR loss can be reduced to very small values by 


employing a positive feedback circuitry and proper place- 


ment of the reference electrode close to the working 
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electrode. 


Consider the electrode reduction process 


0 + ne = R (2er) 


where n is the number of electrons transferred, 0 and R 


are the oxidized and reduced species of the redox couple, 


and k(1) and k(-1) are the forward and reverse heterogeneous 


rate constants respectively. At equilibrium where no net 


current is flowing the Nernst equation applies 


E(eq) = E(O) + RT/nF In(a(0)/a(R)) 2 o2)) 


where E(eq) is the equlibrium potential, E(0) is the standard 


potential, a(0) is the bulk activity of 0, a(R) is the 


bulk activity of R. All the activity coefficients can 


be incorporated into E(0) to give the formal potential E(0)' 
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where the C's refer to concentration. Also, if the 
electrode kinetics are very fast (i.e. the standard 
heterogeneous rate constant ks is large), equation (2.3) can 
be applied to concentrations at the surface of the electrode 


and the reaction is said to be electrochemically reversible 


BS er eka nr inc C(O) CCR) (2.4) 


where C(0)' and C(R)' are concentrations of 0 and R 
respectively at the surface of the electrode. 
The total current i, which flows in the electro- 


chemical experiment comes primarily from two sources 
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The charging current i(c), is the current 


required to charge the electrical double layer at the 


electrode-solution interphase. The faradaic current i(f), 


is the current which flows as a result of the system's 


response to an applied potential, in order that equation 


(2.4) could be obeyed. If the response of the system is 


Slow with respect to a changing potential (i.e. small ks) 


then equation (2.3) cannot be established at the electrode 


Surface and the reaction is said to be electrochemical ly 


irreversible. (It is assumed that species 0 and R are 


otherwise stable so that homogeneous kinetics do not have 


to be considered.) If the electrode kinetics are fast, 


the current is only governed by the rate at which 0 can 


be transported to the electrode. The electrode reaction 


is then said to be mass-transfer controlled. 


There are three methods of mass transport, namely, 


convection, migration and diffusion. Therefore 
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i(f) = i(conv) + i(m) + i(d) (2.6) 


where i(conv) is the convection current, i(m) the migration 
and i(d) the diffusion current. In electrochemical 
experiments, the migration current is suppressed by using 

a large excess (ca 100 times substrate) of the supporting 
electrolyte which conducts the current through the bulk 
solution as well. Then, depending upon the electrochemical 
technique, either convection or diffusion could be the 
method of choice for mass transport. In the case of 
diffusion control, Fick's laws of diffusion apply and for 


linear diffusion to a plane electrode 


=J(O)(x,t) = i/nFA = D(0)(SC(0){x,t)/Sx) (227) 


AC(0)(x,t)/St = D(0)a@C(0) (x,t)/Sx2 (2.8) 
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“electrochemical reversibility or irreversibility." Any 
process is said to be thermodynamically reversible if an 
infinitesimal change in the direction of the driving force 
Changes the direction of the process. However, all 
electrode processes occur at a finite rate and therefore 
cannot be thermodynamically reversible. The definition 

of electrochemical reversibility is thus one of practical 
value rather than thermodynamic rigor. In the practical 
sense, therefore, an electrochemical process is reversible 
if the deviations from the Nernst equation are too smal] 
to be measured. Also, reversibility would depend on the 
technique used. If the time scale of the experiment is 
short, and the kinetics of electron transfer are not fast 
enough so that the Nernst equation cannot be established 


at the electrode surface, the process will be irreversible. 
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2.3 Chronoamperometry 


Chronoamperometry, as the name implies, is a 


technique whereby the current is monitored as a function 


of time. In common practice, the potential of the working 


electrode, which is initially set at a value where no 


electrode reaction is occurring, is stepped to a value 


large enough so that the electrode process is limited only 


by the diffusive transport of material to the electrode 


Surface. Since the experiment is carried out ina 


conductive quiescent solution, this is the only mode of 


mass transport. Therefore, assuming semi-infinite linear 


diffusion to a plane, Fick's laws can be applied (equa- 


tions (2.7) and 2.8)) together with some initial and 


boundary conditions: 


CuO large-x.t) =. G* (210) 
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C(0)(0,t) = 0 (Zeit) 


Equations (2.7) and (2.8) together with the conditions 
above, can be solved by making use of the Laplace 
transformation. The current time function is given by 


ale 
& 


i = nFA D(0)2C#/(nt) (2.12) 


where 7 = current (uA) 


D = diffusion coefficient cnt/s) 


C* = bulk concentration (mM) 


A = area of electrode scm@ 

n = number of electrons transferred 
t = time (s) 

F = 96487 coulombs. 


Equation (2.12) is known as the Cottrell equation (177). 
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It should be noted that in the Cottrell equation the 


current is independent of potential since the potential 


is stepped to a value large enough so that the rate of 


the electrode process is essentially infinite. Therefore, 


if there are no coupled chemical reactions, the Cottrell 


equation will hold whether or not the electrochemical 


process is reversible or irreversible. 


2.4 Cyclic Voltammetry 


Linear sweep cyclic voltammetry is one of the most 


popular electrochemical techniques used today. It has 


been employed in many applications such as determination 


of reversibility and standard heterogeneous rate constants, 


elucidation of reaction mechanisms, determination of 


homogeneous kinetic parameters, etc. It is almost always 


used in initial investigations of new systems. For the 


electrode process without coupled chemical reactions, the 
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theories for the reversible (178-183), quasi-reversible 


(180,183,184) and the irreversible cases (186) have been 


given. Many cases of charge transfer coupled with chemi- 


cal reactions have also been studied (187-190). Later, 


Nicholson and Shain (191), in a classic paper, reported 


the analytical derivations for the theory for various 


cases, both with and without coupled chemical reactions. 


Although spherical, cylindrical and planar electrodes 


have all been used in cyclic voltammetry, the following 


discussion assumes planar diffusion. In the cyclic voltam- 


metric experiment, if we consider the reduction process 


as given by equation (2.1), the potential of the working 


electrode is varied linearly in time from an initial 


value where no electrode reaction is occurring to a more 


negative value where the electrode reaction is governed by 


diffusion. On reaching this value, known as the switching 


potential, the linear potential sweep is reversed. The 
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Sweep rate is usually the same for the forward and reverse 
scans but need not be so. It can vary widely from a few 
mV/s to over 1000 V/s. To describe the process 

occurring at the electrode we consider the forward scan. As 
the potential is scanned negative from the initial 
potential, faradaic current will begin to flow as 
prescribed by the Butler-Volmer equation. The surface 
concentration of the substrate 0 will thus begin to 
decrease. The current increases exponentially with the 
potential, and the concentration of 0 is inevitably 

driven to zero at the surface. At this point it is 
impossible for the flux to continue increasing at such a 
rate. As a result, the concentration of O near the 
electrode continues to fall causing a decrease in the 
gradient of 0 in the vicinity of the electrode. Since the 
current is simply related to this gradient by Fick's 


first law, it is observed that the current begins to fall, 


ail 
sneer oo rrgnaot! aft et eons. oS git 


“x smorr “louiw elev 2 oe od Jan sheng 


7 


AWW. COOL wewe aye 


FeewAg sitt sdivsesb 0° 


a i 7 : 7 
pho Rene ToqWwIOF BAY fps (ans ow shu szets ot 28 grirwosn 


ith) ial OF meet avidapen fpewieme 7? Istaadeg at? 


wi ariged: (he altars sti fers? , fet inesoq 
- - 
Te hte i! m?) tsi = A | isfsul ene oT) padi sserrg 
- 
* aie! rer ear atmizcdee sit 16 nut sega says 7 
7 
Wi Gere al aes = gapaee yo yours ef! .eenetesl 
“4 y Veh ff AT if 1 (iF et ue owt amg, etareseq 7 


spioue oat 6 wee a2 never 


4 


s? Seernjog sid 


» fous teopnizeotant, saataags as uh) ae «a? adi geoqal 


~ 


ats naa to wot leaseainnc’ St , fees. ® eA casey 


sid nt geeetest4 PAT zB fet od esuettens amoviosts | 


- act inghhieny eit'o 


Eatin van a 


49 


Causing a peak to appear in the current-voltage 


characteristic. At more negative potentials, the current 


is still diffusion limited, and the characteristic is 


the same as that of a chronoamperogram, i.e. the current 


falls as root t. Simultaneously, the concentration 


profile of the electrogenerated species R has been 


increasing near the surface of the electrode. It is found, 


that if the potential sweep is now reversed, a similar 


inverted response is observed. A peak in the opposite 


Signed direction is formed which corresponds to the 


oxidation of R. Similar arguments are in effect for the 


observed behavior. 


For the reversible case the current is given by 


- 
= 
Z 


1 = nFAC(0)*(naD(0) )<X(at) (2.03) 


(nFv /RT) reel4) 


where a 


v= scan rate (V/s) 
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and X(at) is the current function which can be numerically 
calculated (191). The peak current is given by 


(X(at) = 0.4463). 


i(p) = 0.4463 nFAC(0)*(nFvD(0)/RT)E (aie 


al 
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i(p)= (269000) n?@ A (D(0)v)*C(0)* (221 5) 


where i(p) = amperes, A = cm, D(O)= cm@/s, 


C(0)*=mol /cm? and v = V/s. Equation (2.16) is known as the 
Randles- Sevcik equation. 
For the reversible case the peak potential E(p) is 


related to the polarographic half-wave potential Eh by 


E(p)- Eh = -1.109(RT/nF) Gea 2) 
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Also the potential at 1/2 i(p), E(p/2) is 


E(p/2 eee ER = 090(RT/nF) = (28.0/n) mv (aes 


at 25°C 


and E(p)= E(p/Z)) = 2-20 (RI/nF) = (56.5/n)mV (2.19) 


aie 5 Gs 


Considering both the forward and reverse waves 


(cyclic voltammogram), for a Nernstian wave with stable R 


(i(pa)/i(pc)) = 1 if the switching potential (2.20) 


EAMKS GbebeaStya5/ni my past 


the peak 


where i(pa) = peak anodic current measured from the 


asymptotic limit of the decaying cathodic 


current as baseline 


i(pc) = peak cathodic current. 
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Also delE(p)=|E(p)(ox)-E(red)| =(59/n)mV at 25°C (2.21) 


For the totally irreversible case 


nFAC(O)* (an'FD(O)va/RT) X(bt) (Coe) 


ars 
" 


(anVF/RT) 


where b 


and nf is the number of electrons transferred up to and 


including the rate determining step. 


i(p) = (299000) n(an') AC(O)* (D(0)v) G2s2e)) 


where n is the total number of electrons transferred. 


When the current is at its peak 


E(p)= E(0)'-(RT/an'F)[0.780+1n(D(0) /ks)+In(an'Fv/RT) J 
(2.24) 
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and |E(p)-E(p/2)| = (1.857RT/an'F) = (47.7/an') mV (2.25) 


ater bec. 


Thus, for the reversible case, E(p) is independent of scan 


rate whereas for the irreversible case E(p) shifts 


(1.15 RT/an'F)= (30/an')mV more negative at 25°C for each 


decade increase in scan rate. Also it is noticed that 


for the Nernstian case, no kinetic information can be 


obtained, whereas the kinetic parameters, namely the 


transfer coefficient a and the standard heterogeneous 


rate constant ks, appear in the equations describing the 


irreversible electron transfer. 


Nicholson (184), has also derived the cyclic 


voltammetric behavior for the quasi-reversible case.It was 


found that, if E(A) is at least (90/n)mV past 


the cathodic peak, the current-potential curves are 


dependent on the dimensionless parameter a and A where 
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A= ((D(0)/D(R))*ks)/L(D(0)nv(nF/RT) J (2.26) 
Also for 0.3 < a < 0.7, delE(p) values are essentially 
independent of a and depend only on A. DelE(p) values 
together with their corresponding A values have been 
calculated (assuming a = 0.5). From these values, a 
working curve can be plotted from which ks values for 
quasi-reversible electrode reactions can be obtained by 
observing the variation of delE(p) with sweep rate v. 


For more details concerning the equations introduced 


in this section references (172, 191) should be consulted. 


2.5 Normal Pulse Polarography 


The dropping mercury electrode (dme) was initially 


introduced by Heyrovsky (206). The technique which its 


use generated is called polarography, and has since 


gained widespread use. (The term polarography used 
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here is distinguished from voltammetry in that the former 


applies solely to the use of the dropping mercury 


electrode.) Over the years, the polarographic technique 


has undergone so much transformation and improvement that 


the classical method commonly called d.c. polarography is 


nowadays seldom used. This is because related techniques 


which arose such as a.c. polarography, normal pulse 


polarography, differential pulse polarography, current- 


Sampled polarography, etc. offer large advantages in terms 


of diagnostics, sensitivity, resolution, recording etc. 


Although normal pulse polarography is the method of 


choice in this work, the general polarographic theory 


must be briefly described with reference to the closely 


related d.c. polarography. In the polarographic experi- 


ment, the mercury issues from a capillary and grows 


as spherical drops until the weight exceeds the surface 


tension, when it drops. A new drop then emerges. Mean- 
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while the potential applied to the electrode is linearly 
varied (slowly) so that the potential change per drop is 
not more than 5 mV (174). This is required to satisfy the 
condition of essentially constant potential and thus 
electrochemical equilibrium. During the growth of each 
drop, a current flows and the electroactive species in 
the vicinity of the drop will be depleted. As the drop 
falls, it stirs the solution and carries most of the 
diffusion layer away so that each new drop is again born 
into an essentially (not completely) fresh solution. The 
periodic growth and fall of the mercury drops is 
reflected in d.c. polarograms (current vs voltage plots) 
which exhibit current oscillations. 

For the reversible d.c. polarographic process as 
given by equation (2.1), equations (2.3) and (2.4) hold. 
The instantaneous current at the diffusion limit has 


been derived by Ilkovic (207,208) 
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i(d) = 708 n C(0)* (D(0))eme/> 41/6 (2.27) 


where m = mass flow rate of mercury in mg/sec 


All the other terms have their usual meaning. 


At the end of drop life t = t(max), and 


i(d max) = 708 n C(O)*D(O} (t max)1/© 2/3 (2.28) 


Also, it can be easily shown that the current-potential 
curve is given by (174) 


al 
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B= (0) Se URE/nE) in itd) =1) 71) (DCR) DCO) (2.29) 


dik 


E = E(0)' + (RT/nF) In (D(R)/D(0)) 


(RT/nF) In (i(d)-i)/7) (2230) 
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In the pulse polarographic experiment, the potential 


program is different from the continuous linear change 


of d.c. polarography. Here, the potential is always 


kept at an initial value where the reduction process does 


not occur. Towards the end of each drop life, a potential 


pulse is applied, the amplitude of which increases 


monotonically with each application. This program is illus- 


trated in Figure 1. Thus, if the potential is at the diffusion 


controlled limit the current is given by the Cottrell equation 


Equation (2.31) is based on the same assumptions of 


linear diffusion as the Ilkovic equation (equation (2.27)) 


except that in the latter, the expansion of the mercury 


drop is taken into account. Since in pulse polarography 


the potential pulse is applied at the end of drop life, 
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Figure 1. Normal pulse polarographic potential program. 
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the drop area is not changing very much. Thus the form 

of the pulse polarogram consists of steps rather than 

the current oscillations encountered in d.c. polarograms. 
The current potential curve can also be shown to 


have the same form as equation (2.30) i.e. 


E = E(0)' + (RT/nF)In (D(R)/D(0) )® + (RT/nF)In((i(d)-i)/4) 


(2532) 


Eh= E(0)' + (RT/nF)In (D(R)/D(0) )2 (2.33) 


where Eh is the half-wave potential. In many cases D(R) = 


D(O0) so that Eh is usually taken to be the same as E(0)'. 
Therefore for a reversible reaction, a plot of E vs 


log (i(d)-i/i) should give an intercept equal to Eh and a 
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slope equal to (2.303 RT)/(nF) which has the value 59/n 


mV at 25°C. The above equations apply equally well to d.c. 


polarography. Also, it can be shown that under the usual 


Operating conditions, normal pulse polarography is about 


6 to 7 times more sensitive than d.c. polarography (see 


reference (174), p. 244). 


2.6 Modulated Specular Reflectance Spectroscopy (MSRS) 


Spectroscopy was successfully combined to electro- 


chemistry in the 1960's (192,193). With this combination, 


an extra selectivity dimension was added to the electro- 


chemical experiment. Thus wavelength and potential became 


the controllable experimental variables. This new 


addition to the electrochemical arsenal is aptly called 


spectroelectrochemistry. 


Spectroelectrochemistry has been applied to the 


studies of adsorption (194,195), double layer structure 
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(196,197), identification of intermediates and elucidation 
of pogo tay mechanisms (198-200). The spectral regions 
used have included IR and Raman (139,157,201), and UV- 

VIS (198,202). Recently, the spectroscopic response to 
the a.c. voltammetric experiment has been studied (203). 
It has been noted that the spectroelectrochemical 
techniques have the advantage in that the deleterious 
effects of charging current which affect current measuring 
methods have been eliminated. 

In the spectroelectrochemical experiment both trans- 
mission (192,203,204) and reflectance (198,202,205) 
methods have been used. However, reflectance has some 
advantages over transmission in that due to its setup, 
the counter electrode in the transmission method cannot 
be positioned in such a way that every point in the 
working electrode is equidistant from it. Thus uneven 


current distribution arises. Also, the fact that the 
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optically transparent electrode is a thin conductive film 


deposited on a transparent insulating material gives rise 


to high resistance. Further discussion will be restricted 


to the modulated specular reflectance technique (MSRS) 


although the equations which arise are, in principle, 


applicable to the transmission technique. 


As used in the author's laboratory, the UV-VIS MSRS 


experiment can be attained in two ways. For the electrode 


process given in equation (2.1), the potential is modu- 


lated such that, periodically, either 0 or R is present 


in the diffusion layer. Meanwhile, the wavelength of the 


incident radiation is scanned. Light passing through 


the solution hits the electrode at an angle and is 


reflected. In doing so, it passes twice through the layer 


where the absorbing species are present with the periodic 


formation and removal of R in the diffusion layer. The 


resulting light signal is a difference spectrum of R since 
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the background condition is that with 0 initially present. 


The light signal is detected by a photomultiplier and 


extracted out of background noise using a lock-in amplifier 


referenced to the same frequency as the modulation. 


In obtaining the spectrum, the signal is fed into 


a lock-in amplifier. In doing so, time information is com- 


plicated. To obtain kinetic information after obtaining the 


Spectrum, the wavelength of the incident radiation is 


fixed, usually at the absorption maximum. This time, 


the modulated light signal after detection at the photo- 


multiplier is processed by a signal averager. Here, the 


Signals for the formation and disappearance of R for a 


Single cycle are signal averaged over a chosen number 


of cycles to increase the signal-to-noise ratio. The 


result is a reflectance-time transient from which kinetic 


information is available. 


In the single beam MSRS experiments discussed above, 
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the parameter which is actually measured is the nor- 


malized reflectance 


(delR/R) = [R(t)-R(0)]/R(0) (2) 


where R(0) = reflectance at time t=0 


R(t) = reflectance at time t 
delR/R = [R(t)/R(0) J-1 (2.35) 
R(t)/R(O) = 1+LdelR/R] (2536) 


It has been shown that for any electrode process where only 
R may absorb, the time-dependent absorbance for the 

optical transmission electrode (OTE) experiment is given 

by (199) 


| 
A(t) = (2(R)/nFA) f i(t)dt (2337) 


where 2(R) is the absorptivity of R and all the other 


symbols have the usual meaning. The integral of the 
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current with respect to time is related to the number of 
absorbing species in the light path length. For the 
MSRS experiment, as mentioned earlier, light passes 
through the path length twice at an angle 8 as shown in 


Figure 2. In the figure, 
q/2 = x/cos(8) 
q = 2x/cos(@) 
Therefore, the path length in the MSRS experiment is 
enhanced by 2/cos(8) times that in the transmission experi- 


ment. 


: 
A(t) = (22(R)/nFA cos(8)) f i(t)dt (2.38) 


But the absorbance 
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Figure 2. The coordinate system used in modulated 
Specular reflectance spectroscopy. 
q is the pathlength of light beam 
68 is the angle of incidence 
x is the solution layer containing absorbing 
species of interest 
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A(t) = log(1(0)/I(t)) (2.39) 


A(t) = log(R(0)/R(t)) or 


A(t) = -log(R(t)/R(0)) (2.40) 
Thus 
log(R(t)/R(0)) = log (1+ delR/R) (Zee) 
t 
log(1+(delR/R)) = (-22(R)/nFA cos(@)) } i(t)dt (2342) 
0 
t 
and In(1+(delR/R)) = (-4.6062(R)/nFA cos(@))f i(t)dt (2.43) 
O 


For small delR/R (experimental values of delR/R are seldom 


greater than 1.0e-3 equation (2.43) can be approximated by 


ue 
-delR/R = 4.62(R)/nFAcos(#) [ i(t)dt (2.44) 
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Chapter 3. The Electrochemical Reduction of Alkali Metal 
Cations, Anthracene and Fluoranthene in 
Acetonitrile and Dimethyl formamide. 


3.1 Introduction 


In this thesis research, I have undertaken to observe 


the electrochemical behavior of alkali metal cations, 


anthracene (An), and fluoranthene (Fa) in aprotic solvents 


acetonitrile and dimethylformamide at the mercury elec- 


trode. The electroreduction of anthracene and fluoran- 


thene was also carried out in the presence of alkali metal 


cations. Observations were focussed on the effect of the 


cations on the anion radicals and dianions of the poly- 


cyclic aromatic hydrocarbons. 


As was mentioned in Chapter 1, in most of the previous 


studies of aromatic hydrocarbon negative ions-alkali metal 


cation interactions, the reaction was a chemical 
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reduction with alkali metals in ethereal solvents of low 


dielectric constants. The powerful esr technique has been 


frequently applied to the study of the anion radicals. The 


fact that the dianions are very reactive means that these 


Species are difficult to study without extreme experimental 


precautions. Buschow et al (96) measured the electrical 


conductance of solutions of alkali-aromatic hydrocarbon 


Salts in 2-methyltetrahydrofuran, tetrahydrofuran and 


1,2-dimethoxyethane. Information was obtained for condi- 


tions under which the hydrocarbon negative ions are free 


or associated with alkali counter ions. It was found that 


at room temperature a 0.1 mM solution of the monolithium 


salts of anthracene, tetracene, pentacene in 2-methyl- 


tetrahydrofuran are completely dissociated whereas sodium 


and potassium salts are associated. The dinegative ions 


Showed much stronger association and two countercations 


were thought to be involved. The tendency of hydrocarbon 
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ion to associate with cations was found to increase with 


(i) smaller size of the hydrocarbon ion, (ii) larger 


radius of the cation, and (iii) increasing temperature. 


Solvation was thought to play a very important role. 


Disproportionation of solution phase radical anions is 


affected by countercations as well as solvents. The 


presence of ion pairing substantially increased the 


equilibrium constants for the disproportionation espec- 


jally if contact ion pairs are formed between the dianions 


and the cations. 


ZR Cat oO —--* Re} R= G2 Cat k(disp) (oa) 


There have been many studies of the disproportionation 


reactions of aromatic hydrocarbon anion radicals (223-225). 


However, the k(disp) values have been found to be small, 


ranging from 1.0e-7 to 1.0e-12. 
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Electrochemical techniques such as polarography and 


cyclic voltammetry have been applied to the studies of ion 


pairing of negative ions of organic molecules with alkali 


metal cations. In the cases where ion pairing occurs, 


shifts in half-wave potentials or peak potentials toward 


more positive values are observed. In the study of 


polycyclic aromatic hydrocarbon dianion-alkali metal 


cation interactions by electrochemical means, one problem 


arises. This is because in most cases, the reductions 


of the alkali cations are in the same potential region as 


those of the aromatic hydrocarbon dianions. Therefore, 


if solid electrodes of inert materials such as 


platinum, carbon, gold etc. are used, deposition of 


alkali metals occurs. Various complications could 


then arise due to the reactivity of these alkali metals, 


as mentioned in Chapter 1. Therefore, if solid electrodes 


are to be used, the reduction potentials of the dianions 
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of the organic species under investigation have to be 


positive to those of the alkali cations. However, 


this problem could be easily solved, as noted earlier, 


with the use of the mercury electrode. This material also 


has the advantage of high surface reproducibility. Also 


the use of electrochemical methods affords a very impor- 


tant advantage over chemical reduction. The production of 


the desired anions to be studied can be easily controlled 


by controlling the potential. In chemical reduction, 


species control is not easily accomplished. 


3.2 Experimental 


3.2.1. Instrumentation 


The instrument used in the polarographic analyses 


was the PAR 174A Polarographic Analyser which was operated in 


the normal pulse mode. For this particular instrument in 
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the normal pulse mode, the duration of each pulse was 


57 ms, the pulse being applied towards the end of drop 


life. However, the current was only sampled during the 


last 16.7 ms of the pulse length in order to minimize 


the contribution of charging current to the total current. 


Figure 1 illustrates the potential program and the current 


sampling time interval. The scan rate used in all 


experiments was 10 mV/s. Polarograms were recorded, 


without smoothing, with a Houston Instruments Omnigraphic 


2000 X-Y recorder. The capillary used for the dropping 


mercury electrode was of length 18.4 cm and internal 


diameter 0.03 mm. The mercury drop time was controlled by 


an electromechanical drop timer set at 0.5 s. The use 


of the drop timer avoids the problem of the variation of 


Surface tension and therefore drop time with potential. The 


polarographic cell was a single compartment type with an 


outer jacket for temperature control purposes. (Figure 3), 
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Figure 3. Polarographic cell arrangement. 


shiw. svi 


3.2.2 Purification of Chemicals 


The mercury used was triply distilled and filtered 


through a pin hole made in a filter paper to remove any 


particulates or surface oxides. Reagent grade lithium, 


sodium, potassium and rubidium perchlorates were re- 


crystallized twice from triply distilled water. The 


purified products were dried in vacuo at 110°C for a 


minimum of 48 hours and stored in a vacuum dessicator 


over calcium chloride. Anthracene (Aldrich Gold Label 


99.9%) was used as received. Fluoranthene (Aldrich 98%) 


was recrystallized once from ethanol. Tetra-n-butyl ammonium 


tetrafluoroborate (TBAF) was prepared according to a 


method similar to that of Lund and Iverson (213). This 


was done as follows: equal numbers of moles of tetra-n- 


butylammonium hydrogen sulfate and sodium tetrafluoro- 


borate were dissolved separately in a minimum amount of 


distilled water. The solutions were mixed in a separating 
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funnel whereby the TBAF precipitated out. Methylene 


chloride was added to the separating funnel to dissolve 


the TBAF. After shaking, the methylene chloride layer 


was allowed to settle and drained out. It was then 


added to ice-cooled anhydrous ether with stirring, 


whereupon the TBAF crystallized and was recovered. 


The product was redissolved in methylene chloride, mixed 


with distilled water in the separating funnel and the 


crystallization step repeated. The final product was 


dried in vacuo at 80°C for a minimum of 48 hours and then 


stored in a vacuum dessicator over calcium chloride. 


Dimethyl formamide (Fisher regent grade) was allowed to 


Stand over anhydrous barium oxide for 24 hours with 


occasional shaking. It was then distilled from the 


barium oxide under reduced pressure (trapped aspirator) 


through a 1 m Vigreaux column (214). The freshly 


distilled solvent was always used immediately since 
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dimethyl formamide decomposes to form dimethylamine on 


Standing. Purification of acetonitrile has been des- 


cribed elsewhere (202). However, it was found that 


Caldeon HPLC grade acetonitrile (water content nominally 


0.005%) after drying over Woelm neutral alumina (Super- 


grade I) gave excellent results and was used in the 


present work. 


3.2.3. Procedure 


In all experiments the supporting electrolyte 


used was tetra-n-butylammonium tetrafluoroborate at a 


concentration of 0.10 M. The counter electrode was a 


large piece of platinum wire and the reference electrode 


(see Figure 3) employed was Ag/Agt+(0.01 M Ag+, 0.10 M 


TBAF, acetonitrile or dimethyl formamide) dissolved in the 


same solvent as that for the experiment. In the case of 


dimethylformamide the reference solution was also always 
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prepared fresh for each experiment. The cell temperature 


was controlled by circulating water through the outer 


jacket from a temperature regulated bath controlled at 


2o.0 + O0.1°C: The cell” Setup ws shown in Figure 3. “The 


mercury head was set at either 57.0 cm or 40.0 cm from 


the tip of the electrode. The mercury mass flow rate in 


air at 57.0 cm was 1.29 mg/s and at 40.0 cm was 0.91 


mg/s. 


Calibration curves were set up for anthracene (An) 


and fluoranthene (Fa) in dimethylformamide and aceto- 


nitrile. This was also done for the alkali cations 


lithium (Li+), sodium (Na+), potassium (K+) and rubidium 


(Rb+) in dimethylformamide. However, in acetonitrile, 


only Lit and Na+ were studied due to low solubilities of 


potassium and rubidium perchlorates in this solvent. 


The calibration curves were obtained by employing the 


method of standard addition. 25 ml of the background 
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solution (i.e. solvent containing only TBAF at 0.10 M) 


which had been pre-equilibrated at 25°C was pipetted into 


the polarographic cell. Portions of a stock solution 


(usually about 9-13 mM, 0.10 M TBAF) of the electroactive 


Species of interest which also had been equilibrated at 


25°C was then added to the cell using a micropipette. Solvent 


Saturated argon was bubbled through the cell solution. An 


argon atmosphere was kept above the solution at all times. 


This deaeration procedure was used in all experiments. 


To investigate the effect of alkali metal cations on 


the reduction of anthracene and fluoranthene, the standard 


addition method was again used. 25 ml of a solution 


containing 1.00 mM of the hydrocarbon (0.10 M TBAF) kept 


at 25°C was pipetted into the cell. After each polaro- 


graphic run, a known volume of a stock solution of the 


alkali metal cation (10 mM, 0.10 M TBAF) which was also 


1.00 mM in the hydrocarbon and which has been controlled 
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at 25°C was added to the cell with a micropipette. 


For the anthracene:lithium and the anthracene:sodium 


Systems in DMF, experiments were also performed where 


the metal cation concentration was kept constant and the 


hydrocarbon concentration varied. In the case of An:Lit+t, 


the Li+ concentration was fixed at 1.50 mM whereas for 


the An:Nat+ system, the Na+ concentration was fixed at 


2.00 mM. The procedure used in these instances was the 


Same as that above, the only changes being that the 


additions involved the hydrocarbon and not the metal 


cations. 


3.3 Results 


The background solution containing only the 


solvent and supporting electrolyte was always obtained 


for a new batch of solvent or supporting electrolyte to 


check for purity. If the background breakdown occurred 
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more positive than -3.10V for ACN or -3.20 V (vs the 


respective reference electrodes) for DMF, the solvent 


was redistilled or the electrolyte recrystallized. Also, 


the current should be less than 1 uA at these potentials 


for the polarographic conditions used. Figure 4 shows 


typical background polarograms for the two solvents. 


It was mentioned earlier in the procedure section 


that the mercury head used was either 57.0 cm or 40.0 cm. 


In all experiments in DMF the mercury height used was 57.0 


cm. However, it was found that, especially in aceto- 


nitrile at high negative potentials, instability of 


the mercury due to low surface tension at the electrode/ 


solution interface (66,67) gave rise to “missed drops." 


This problem was largely alleviated by lowering the height 


of mercury to increase the natural drop life of the dme. 


Therefore in some experiments with ACN, the mercury head 


was lowered to 40.0 cm. 
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The alkali metal cations showed single well-defined 


polarographic waves in both solvents. Logarithmic 


analysis revealed that, except for Li cation, all the 


cations gave slopes for plots of E vs log ((i(d)-i)/i) of 


59 mV (+ 2 mV) for a one-electron reversible wave in 


both solvents. However, in the case of Li+, slopes of 


66 mV (+ 2 mV) were obtained in both solvents, indicating 


quasi-reversible behavior. Some examples of plots of E 


vs log (i(d)-i)/i) are given in Figure 5a. In DMF, the Eh 


value for Lit was markedly more negative, by about 300 mV 


than the others. The others were closely grouped, with only 


about 30 mV separating them. The Eh value for Lit+ in DMF 


was 506 mV more negative than in ACN whereas for Nat, this 


value was only 304 mV. Again, in ACN, Lit has an Eh value 


negative of Nat, this time only by 104 mV compared to 308 


mV in DMF. These Eh values are tabulated in Table l. 


Linear calibration plots were obtained for the alkali 
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Table 1. Polarographic Parameters ** 


DMF 

Eh/-V i(d)/uA/mM 

vs Ag/Agt+ h=57.0 cm h=40.0 cm* 

fageoiey 528 - 

2.989 6.1 - 

2.193 5.4 ~ 

(epfeihe) Da - 
Hg) ropa tia 4.0 ~ 
Hg) 2.463 4.9 - 
g) 2.492 5.0 - 
Hg) 2.481 5.2 - 


negative potentials, especially in ACN solutions, 


the instability of the mercury drop gave rise to "missed" 


drops. 


After normal precautions were made, it was found 


that increasing the natural drop time alleviated most of 
the problem. 
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cations for concentrations up to about 4.00 mM in both 
DMF and ACN. These plots are shown in Figures5-7. It 
can be seen that in DMF, the slope of the Lit+ is signifi- 
cantly smaller than the others having a value of 4.0 uA/mM. 
In acetonitrile, where only Li+ and Na+ were studied, Lit 
has a smaller slope than Na+. The values of these slopes 
are given in Table 1. At concentrations about about 3.00 
mM, it was observed that polarograms for the alkali metal 
cations, especially Rb+, showed polarographic maxima. 
These maxima were not reproducible and did not always 
appear, even for the same conditions. They did not pose 
any serious problems in these investigations. 

Anthracene and fluoranthene both gave two well- 
defined waves in ACN and DMF. The first wave in all 
cases showed one-electron reversible behavior, giving 
slopes of 59 mV (+ 2mV) for E vs log ((i(d)-i)/i)) plots. 


In DMF, both hydrocarbons gave second waves close to 
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Figure 5. Alkali metal cations calibration plots in 


DMF at 25°C. 
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reversible behavior. For example, from these determina- 


tions, anthracene gave slopes of 63, 61 and 64 mV. 


However, in ACN, these slopes have much larger values with 


an average of 76 mV for anthracene and 67 mV for fluor- 


anthene. Cyclic voltammetric data showed that the first 


waves of anthracene and fluoranthene were reversible but 


the second waves did not show any oxidation current on 


the reverse scan for the second waves in both solvents. 


The scan rate used was 100 mV/s. For both anthracene 


and fluoranthene, the first and second polarographic 


waves were approximately equal in height. Further, 


linear calibration curves of approximately equal slopes 


were obtained in both waves for concentrations up to 


about 4.00 mM. The values of these slopes are given in 


Table 1. It was observed that at concentrations greater 


than about 2.00 mM, both anthracene and fluoranthene gave 


polarographic maxima in their second wave. There were no 
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maxima in the first waves. The calibration plots are 


given in Figures 8 and 9. For the second waves, currents 


measured at the top of the maxima and also at the plateau 


are given. The half-wave potentials are listed in Table l. 


These Eh 's are again more positive in acetonitrile than 


in dimethylformamide and further, fluoranthene is reduced 


more positive of anthracene by about 190 mV. 


Figures 10-21 show polarograms of mixtures of An and 


Fa with alkali metal cations. In DMF, An:Li+ (Figure 10) 


exhibited three well-defined waves corresponding to 


anthracene reduction, Li+ reduction and the anthracene 


anion radical reduction respectively. On the other 


hand, An:Nat+, An:K+ and An:Rb+ solutions exhibited only 


two waves (Figures 11-13) since the reduction of anthra- 


cene and the alkali metal cations were not polarographi- 


cally resolved. With fluoranthene, the converse is true: 


Fa:Li+t solutions have two waves (Figure 14), this time 
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Figure 10. 


Polarograms of anthracene-lithium cation 
mixtures in DMF at 25°C. 

Anthracene concentration is fixed at 1.00 mM. 
Lithium cation concentrations are (in mM): 
CLO. O0se Ca) Oso es) 007.6 54) al On 

(GN 364. (6 leOoin Gy) eon LO y oes 045 

(9), 3502.. (10) 3247.2 

Mercury column 57.0 cm. 
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Figure 14. Polarograms of fluoranthene-lithium cation 


mixtures in DMF at 25°. 

Fluoranthene concentration fixed at 1.00 mM. 
Lithium cation concentrations are (in mM): 
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Polarograms of anthracene-lithium cation 
mixtures in ACN at 259°C. 

Anthracene concentration fixed at 1.00 mM. 
Lithium cation concentrations are (in mM): 
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Since the Li+ and the anion radical reduction occurred 


concomitantly. Fa solutions with the other three cations 


exhibited three resolved waves (Figure 15-17). 


As mentioned earlier, in acetonitrile, studies were 


limited to Lit and Nat, since the solubilities of K+ and 


Rb+ were too low. In acetonitrile, in all cases, the 


hydrocarbon reduction wave and that of the metal cation 


were not resolved (Figures 18-21). 


It is obvious from Figures 10-21, except in the case 


of Fa:Li+ in DMF (Figure 14), that the addition of alkali 


metal cations caused the reduction wave of the anion radi- 


cal of the hydrocarbon to dianion to decrease in height. 


The amount of height reduction is a function of metal 


cation concentration, generally increasing with increasing 


concentration. In some instances, especially where Li+ 


and Na+ were concerned, the current depressions were so 


severe that the polarographic wave was reversed (i.e. the 
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Current as measured from the plateau of the previous wave 


is negative). It is believed these are the first reported 


examples of "inverted" diffusion controlled polarograms. 


There have been examples of current depression in polaro- 


graphic waves due to adsorption processes. Two such 


reports involved the polarographic reduction of hexaamine 


cobalt (III) ion (215) and copper (II) acetate (216) in 


the presence of alkali metal cations in ACN. In the first 


case, a decrease in the current was noted as the hexaamine 


cobalt (III) concentration was increased to 5 mM and above. 


The decrease was attributed to the formation of a film of 


cobaltous hydroxide at the mercury surface. The intensity 


of the current decrease was independent of depolarizer 


concentration. In the second case, a decrease in the 


amount of the second polarographic wave of copper (II) in 


the presence of Lit and Na+ was attributed to the forma- 


tion of an insoluble film of alkali metal acetate at the 
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electrode surface. Film formation was also implicated 


by the abnormal behavior of the current time transients in 


the potential region exhibiting the decrease. 


However, in this work, the current-time transients 


exhibited normal diffusion control characteristics at 


potentials on the diffusion plateau and the current depres- 


sion region. For example, in the case of anthracene in 


the presence of Li+ in ACN, (Figure 22), current-time 


transients at the diffusion plateau (potentials -2.500 and 


-2.800 V) and at the current depression (potential -3.100 


V) showed diffusion controlled behavior (Figure 22). 


Further, by employing reverse pulse polarography, (i.e. 


setting the initial potential at negative potentials 


(-3.200 V) and scanning to more positive potentials) on a 


solution of 1.00 mM anthracene and 3.83 mM Lit+ in DMF, it 


was noted that no desorption or film destruction currents 


were observed. What was observed was the interesting fact 
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Figure 22. A. Polarogram of a solution mixture containing 
1.00 mM anthracene and 3.53 mM lithium cation 


in ACN (0.10 M TBAF) at 25°C. 

B. Current-time transients for the same 
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In both cases, the mercury column was 40.0 cm. 
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Figure 23. Normal pulse (NP) and reverse pulse (RP) 


polarograms of a solution mixture containing 
1.00 mM anthracene and 3.83 mM lithium cation 

in DMF (0.10 M TBAF) at 25°C. 

For NP, the initial potential was -2.1 V 
whereas for RP the initial potential was -3.2 V. 
Mercury column was 57.0 cm. 
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that the current, in the potential region of the Li+ 


reduction plateau just positive of the second reduction 


wave of anthracene, moved to cathodic values; thus a 


cathodic current was observed on a positive potential 


Sean Ce igureses 


The case of Fa:Li+ in DMF was a rather special one in 


that this was the only system studied where the reduction 


wave of Lit+ and the fluoranthene anion radical (Fa~) to 


the dianion (Fa=) were not resolved. Therefore only two 


reduction waves were observed for this system. Here there 


was no change in the height of the second wave with addition 


of Li+ up to a concentration of 1.36 mM, after which the wave 


increased in height with further Lit+ addition (Figure 14). 


It was noted in Figures 10 and 11 (An:Li+, Nat+ systems) 


that a small peak appeared at the beginning of the wave 


corresponding to the reduction of the anion radical of 


anthracene (An*+), prior to current depression. This peak 
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was absent in ACN (Figures 18-19). 

The magnitude of the decrease of the anion radical 
reduction waves of the hydrocarbons in the presence of 
alkali cations is a direct measure of the strength of the 
interaction between metal cations and aromatic hydrocarbon 
dianions (Fa=, An=). To facilitate further discussions, 
the following notation will be used: in systems where 
there were three resolved waves (An:Li+ in DMF, Fa:Nat+, 

K+, Rb+ in DMF), the limiting currents due to the aromatic 
hydrocarbons reduction are denoted by il and i2 while that 
of the metal cations reduction by im (m=Li+, Nat+, K+, Rb+). 
Where the reductions of the hydrocarbon and that cations 

were not well resolved (An:Nat+, K+, Rb+ in DMF, An:Li+, 

Na+, Fa:Lit, Na+ in ACN), the limiting currents are 

combined as il + im. Finally, in the case of Fa:Li+ in 
DMF, where only two waves were observed, the limiting current 


of the combined Li+ reduction and An~ reduction was denoted 
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by im + i2 . The plots of these currents for the various 


systems are given in Figures 24-26. 


For the system An:Li+t in DMF (Figures 24-25), the 


value of il was unaffected by the addition of metal 


cations. The Eh values for these reduction waves of 


the hydrocarbons were also unchanged in the presence of 


cations. In addition, the im vs metal ion concentration 


plots are linear and the slopes (Figures 24-25) are 


virtually identical to those of the calibration curves 


for the metal cations (compare values in Figures 24-25 


with those in Table 1). The Eh values for the metal 


cation waves were also unchanged. In all the other 


systems, where there were only two measurable limiting 


currents, linear plots of il + im vs metal cation concen- 


trations were observed, the slopes of which agree wel] 


with the calibration curves for the metal cations. 


Further, the intercepts of these plots with the current 
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Figure 24. 
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Plots of limiting currents versus concentration 

of metal cations for anthracene-metal cation 

mixtures in DMF at 25°C. 

The anthracene concentration was fixed at 1.00 

mM. Mercury column 57.0 cm. 

i1: limiting current of anthracene reduction 

12: limiting current of anthracene anion 

radical reduction 

im: limiting current of cation reduction 

i1 + im: combined limiting current of 
anthracene and cation reductions 
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Figure 26. Plots of limiting currents versus concentration 
of metal cations for anthracene-metal cations 
and fluoranthene-metal cations mixtures in ACN 
a2 bSG. 

The anthracene and fluoranthene concentrations 
were fixed at 1.00 mM. The mercury column for 
anthracene-cation systems was 57.0 cm while 
that for the fluoranthene-cation systems was 
40.0 cm. 

i1 + im is the combined limiting current for 
the first reduction wave of the hydrocarbon and 
the cations. i2 1s the limiting current for 
the second reduction wave. 
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axis corresponded closely with the limiting current value 


for the reduction of the hydrocarbon for the particular 


System. However, it should be noted that both the im and 


il+im plots gave significant positive deviations of the 


points from linearity at the high end of the metal concen- 


tration range. In the special case of Fa:Lit+ in DMF system 


il was again independent of Lit+ concentration and the Eh 


values remained constant (Figure 25). Further, im + i2 


remained constant at a value equal to that of i2 for 


fluoranthene in the absence of Lit, for Lit+ concentrations 


up to about 1.31 mM. At higher concentrations of Lit+, 


im + i2 increased and the slope of this increase was 4.2 


uA/mM, close to that for Lit+ calibration (4.0 uA/mM, see 


Table l). 


Figures 24-26 also showed that the value of i2 is a 


function of the system considered. For the Fa:K+, Rb+ in 


DMF systems, only a slight decrease in the value of i2 was 
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observed even at high metal cation concentrations. At the 
other extreme, large negative values of i2 were observed 
for the An:Lit, Na+ systems in DMF and ACN, indicating 
strong interactions of the dianion with Li+ and Na+ to form 
Species which were not reducible at these potentials. In 
these latter systems, the slopes of the i2 vs metal con- 
centration plots correspond closely to those of the im 

or il + im plots for the respective systems. These 

results are summarized in Table 2. 

A clear way to graphically demonstrate the extent of 
interaction dianion with metal cation M+ is to plot the 
number of mmol of M+ reacted as a function of the concen- 
tration of M+. The ordinate for such a plot may be 
obtained for each polarogram (which represents one point) 


from the relation 
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Table 2. Summary of the behavior of the various limiting 


currents (uA)** 


Vee 


DMF 
System Number of il, im or iz 
waves es hit 
An:Lit V2 CONS tdittedt. 0.0). i2 decreasing to nega- 
im linear with slope tive values with slope 
aq3 -4.4 
An:Nat il + im linear with i2 decreased to 
Slope 5.0 negative values with 
Slope -4.6 
An:K+ i1 + im linear with Slow decrease did not 
Slope 5.2 reach negative values 
An:Rb+ i1 + im linear with slow decrease did not 
Slope 5.3 reach negative values 
until high Rb+ concen- 
tration 
Fasiat 11 constant at 5.4 --- 
*im + i2 constant until 
[Li+]=1.20 mM, then linear 
increase with slope 4.2 
Fa:Nat Ti Constanta ats 5.4% decreased but did not 
im linear with slope reach negative values 
Sey 
el Gs Tieconstanteab 5.4% very small decrease 
im linear with slope 
Bisa 
Fa:Rbt+ 11 constant at 5.4. very small decrease 
im linear with slope 
sas) 


**Continued next page. 
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System 


An: 


An: 


An 


An: 


Re Me 


Pa: 


Fa 


Fa 


Li 


Na+ 


4s 


Rb+ 


Die 


Na+ 


aK 


:Rb+ 


Table 2 Continued 


ACN 
Number of Flee Aue ON 
waves i Tm 
2 i1 + im linear with 
Slope 7.4 
2 il + im linear with 
Slope 7.8 
Z i1 + im linear with 
slope 5.9 
2 jl + im linear with 
Slope 6.1 


ae 


decreased to negative 
values with slope -7.3 


decrease to negative 
values with slope -8.0 


decreased to negative 
values with slope -5.2 


decreased to negative 
values with slope -5.2 
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mmol M+ reacted = [(i(absence of interaction) - 


i (observed) )](M+ mmol) ]/im (nZ)) 


These results are shown in Figures 27-30. It is observed 
that in DMF that the plots for the An:Li+ and An:Na+ 
(Figure 27) have slopes of unity on the linear portions of 
the plots. For the An:Nat+ system, the curve has a plateau 
at 2 mM metal ion concentration whereas An:Li+ has a 
plateau close to 3 mM Lit. In the An:K+ and An:Lit+ 
solutions, the curves increase continuously up to the 
highest concentration used. 

Figure 28 shows the results for the Fa:M+ solutions 
in DMF. Like the anthracene systems, the Fa:Li+ and 
Fa:Nat+ plots show an initial slope of 1 but the Fa:Nat 
curve levels at 1 mM whereas the Fa:Lit+ curve levels at 
less than 2 mM. Similar trends are observed in the 


acetonitrile solutions of both An:M+ and Fa:M+ (Figure 29 
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and 30). 


Experiments were also carried out where the hydro- 


carbon concentration was varied while that of the cation 


remained fixed. This was done as a further check to ensure 


that the current depression observed was indeed due to the 


interaction between the metal cation and the dianion. If 


this was so, a similar behavior should be observed by 


performing the experiments in reverse, i.e. varying the 


concentrations of the hydrocarbon. Figure 31 shows the 


result of the experiment where the Li+ concentration was 


kept fixed at 1.50 mM and the anthracene concentration was 


varied in DMF. As can be seen, at low concentrations of 


An, i2 was negative but this was increased linearly with 


increased An concentration. The slope of this increase 


was approximately equal to that for il. Here, the Lit 


reduction wave (im ) remained constant in height. Figure 


31 also shows the plot of mmol Lit reacted vs An concen- 
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tration. It can be seen that, at low concentration of 


An, a linear portion with a slope of 3.0 was obtained and 


the plot leveled out at 1.50 mM Lit. It should also be 


pointed out that the curve begins to level out when the 


concentration of An is about 0.50 mM. 


Figure 32 shows a Similar experiment where the Na+ 


concentration was kept constant at 2.00 mM and the anthra- 


cene concentration varied in DMF. As mentioned earlier, 


in the system only two waves were observed corresponding 


to il + im and i2. Again, i2 was negative at low con- 


centrations of An and starts to increase linearly with a 


Slope equale to, that for the i] tim. plot. It is<signifi- 


cant that the intercept for the il +im cuts the current 


axis at the current value for 2.00 mM Na+ in the absence 


of any anthracene. Again the mmol Na+ vs An concentration 


plot starts with a linear portion with a slope of 1.9 and 


then starts to level at about 1.00 mM An. The leveling 
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Figure 3c. 


Plots of limiting currents and amount of sodium 
cation reacted versus anthracene concentration 


in DMF at 25°C. 
Sodium cation concentration was fixed at 
2.00 mM. 


Mercury column 57.0 cm. 


i1 + im: combined limiting current of 
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occurs at Na+ concentration of 2.00 mM. 


It was observed in Figures 31 and 32 that for the 


second wave of the hydrocarbon, i2, that polarographic 


maxima were obtained. It was stated earlier that for 


anthracene and fluoranthene, maxima appeared at concen- 


trations of the hydrocarbon above about 2.00 mM. 


However, aS Can be observed in Figures 31 and 32, current 


measured at the diffusion plateau following the maxima 


gave good results. 


S24 DISCUSS TON 


The electrochemical behavior of the alkali metal 


cations observed in aprotic solvents such as acetonitrile 


and dimethylformamide were found to be in agreement with 


those of many previous workers. Previous studies have 


found that Na+, K+, and Rb+ were polarographically 


reversible (59,60,63). Polarographic maxima have also 
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been observed previously (59) for Li+t and Na+ at concen- 


trations greater than 3 mM and for Rb+ at even lower 


concentrations. However in this work, only small maxima 


were observed at higher concentrations for all cations 


(greater than 3 mM) and did not pose any serious problems. 


From the slopes of the calibration plots (Table 1), it 


can be seen that Li+ has a much lower value than the other 


cations. This is due to the higher solvation of Lit+. 


For example, Lit has higher solvation numbers than those 


of the other cations in DMF: 


Cation Solvation number Slope of calibration plot 
an DMFea2 ize) (uA/mmol) in DMF 
is 5.0 4.0 
Nat 3.0 4.9 
K+ 2.0 Na0) 
Rb+ (as ys 


Also, it has been found that the Stokes radii of the 


alkali metal cations in most solvents follows the order 
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Lit > Na+ > K+ > Rbt+ (217). Brown and Urfali (59) have found 


that diffusion current constants for the alkali metal 


cations in DMF are 60% to 70% of the values obtained in 


acetonitrile. Table 1 shows that this can also be said 


for the present study. The diffusion coefficients of the 


ions are affected mainly by two factors; namely, solvation 


and viscosity. Within the same solvent, it can be seen 


that solvation determined the size of the ions and there- 


fore the diffusion coefficients. However comparison in 


different solvents has to involve viscosities. Certainly, 


the solvation of the cations in DMF (Gutmann donor number 


26.6) is higher than that in ACN (Gutmann donor number 


14.1). However, the viscosity of DMF(0.802, 25°C) is also 


larger than that of ACN (0.345 25°C). Therefore, these two 


factors contribute to the much smaller diffusion currents 


observed in DMF than in ACN. Eh values in Table 1 also 


reflect the greater solvation of Lit compared to the 
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other alkali metal cations and also the more basic char- 


acter of DMF as compared to ACN. Although comparisons of 


Eh values cannot be absolute where different reference 


electrodes are used, relative inferences can be drawn. 


Therefore, the relative case of reduction of the alkali 


cations in this work was in accord with the results of 


Brown and Urfali in DMF. 


Cation This work Brown and Urfali(59) 
V vs Ag/Ag+ V vs Hg pool 
Lit+ -2./71 =1.81 
Nat -2.463 -1.53 
K+ -2.492 eleo0 
Rb+ -2.481 a ey 


The electroreduction of anthracene and fluoranthene 


gave two waves of approximately equal height. This implies 


that the diffusion coefficients for the hydrocarbon and 


its anion radical are not greatly different. In tetrahydro- 


furan, it was found that the diffusion coefficients of the 
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anion radicals of biphenyl and anthracene are equal to 


those of the uncharged hydrocarbons (218). These results 


are expected since the single negative charge in these 


conjugated systems is well dispersed and solvation does not 


increase. The reversibility of the first reduction waves 


of anthracene and fluoranthene, in both aprotic solvents 


are in agreement with results obtained for aromatic hydro- 


carbons as discussed in the introduction of Chapter 1. 


Also cyclic voltammetric data (not given here) have shown 


that the anion radicals of both hydrocarbons are stable in 


DMF and ACN for at least the time scale of the cyclic 


voltammetric experiments (about 10 s). Cyclic voltam- 


metry also showed the dianions to be unstable since no 


reoxidation current was observed on the reversed scan. 


Therefore the polarographic irreversibility as evidenced 


by the slope of the E vs log((i(d)-i)/i) plots results from 


chemical instability rather than slow rate of electron 
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transfer. The rate constant for electron transfer to the 


anion radical of anthracene has been estimated to be 0.5 


cm/s, which is fast and therefore electrochemical 


reversibility should result if there were no chemical 


complications (29). In DMF, the slopes for the second 


waves of anthracene and fluoranthene were close to 


reversibility (61-64 mV). Although the cyclic voltam- 


metric data showed no reoxidation current, the pulse 


polarogaphic time scale is much shorter, 57 ms compared 


to several seconds. Therefore, protonation of the dianions 


in DMF possibly was only partial. Further, DMF is a more 


"aprotic" solvent than ACN with respect to the presence of 


small amounts of water. This arises out of the ability 


of amide type solvents to form complexes with water (219). 


As will be discussed later, the present work, and previous 


investigations have shown that addition of water (< 5% 


volume/volume) to DMF did not seem to affect the stability 


AY 


OF aos RS ts 
(0 a4 2 tepuahtes emt onsen eames _ 
aoteneoanezotaraiernae tne rend at Mate aha 
(ites aed RTE phous vatibeieraes . ; 


7 “a ‘_ Ff 
- ee oe 


braces ot) 90 sugars sae, Wo al . (05) enottiahignes ; 


ng ancl! tvew onattnesdiyt? fim snaseuitnm to: aevew 


iootlee OF sen cal deiniedtta: 1m bd~[0) gti i tatevawen . 
seta 0) dtereus nol dateh eer on bowode siek 2i1%9e 
nega: om Cd) Ownate Hume ah feck wats aiiqagots tog 
zrohiblh ai Fo aot tiherena ,ayptered? absense lereyee es : 
atow 5 2p WO ,waeees Fag vino om xfdbaaog! WO wt 
in soeseerg abt gh daaqagy htt MI— nod 4nviae:"atsonyn” 
gi Fhtn act Yo duu seein atrtg wate Yo exnveme: Thane 
RAR). oer ate css 0h te a te 
uo verg BOS HOM TENG stn 7 


a P 


rn» 1 


190 


of the anion radicals of the hydrocarbons (25). In 
constrast, the slope of E vs log((i(d)-i)/i) plots for 
the second waves in acetonitrile showed a higher degree of 
irreversibility; 67 mV for fluoranthene and 76 for anthra- 
cene. Acetonitrile does not have as good an ability as 
DMF to complex water and therefore water activity is much 
higher in the solvent. Also since the wave heights were 
approximately equal for both waves of the hydrocarbons, 
the protonation products of the dianion are not reducible 
at the potentials of the second wave. 

The Eh values showed that fluoranthene is more 
easily reduced than anthracene. This is expected because 
the electron affinity of fluoranthene is 0.840 eV whereas 
that for anthracene is 0.653 eV but the energies of 
solvation of the hydrocarbon anion radical are not much 
different (4,220). This argument follows from the 


relation between the half-wave potential and electron 
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affinity as given by 


Eh = EA + i* - delGsolv (m+) (3.3) 


where EA = electron affinity 
i* = electric work function of the mercury 
electrode 
delGsolv (m+) = free energy of solvation of the anion 
radical. 
From the experimental evidence presented so far in 
this work, the mechanism for the electroreduction of 


aromatic hydrocarbons in aprotic media follows that of 


Hoijtink et al (23). Therefore, if R is the hydrocarbon 
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In the case of anthracene and fluoranthene in DMF and ACN, 
it appears that RH is not reducible at the potentials 
investigated. 

Before starting the actual investigations into the 
interactions of the anions of anthracene and fluoranthene 
with alkali metal cations, it was decided to check whether 
the addition of Woelm supergrade neutral alumina to the 
solutions could improve the stability of the dianions by 
removing the trace water. However, it was found that 
addition of alumina affected the reduction of the 
alkali metal cations. For example, Lit reduction waves 
were found to be drastically reduced in the presence of 
alumina, and even disappeared completely if enough 
alumina was added. It is conjectured that Li+ ions are 
adsorbed onto the active alumina surface sites although 
no further work was done to confirm this. 


Also, in the early phase of these studies, the results 
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were found to be irreproducible and seem to vary with the 


deaeration time. This was attributed to the presence of 


oxygen due to insufficient deaeration time. At the 


negative potentials used, oxygen is reduced to the super- 


oxide anion radical in aprotic media (221). The super- 


Oxide has been reported to tie up alkali metal ions, 


causing low results for the electrolysis of these ions 


(222). However, this problem was simply overcome by 


longer deaeration times (at least 15 minutes) to reduce 


the oxygen concentration to negligible values. 


Prior studies in solvents of low dielectric constants 


(223-225) have shown that ion pairs were formed between 


anion radicals of polycyclic aromatic hydrocarbons and 


alkali metal cations. The anion radicals could dispropor- 


tionate to give the dianions which were also paired with 


the cations. In this work no evidence of any ion pairing 


interactions between An~, Fa~, and the alkali metal cations 
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was observed. This is not surprising since the dielectric 
constants of acetonitrile (36.0) and dimethylformamide (37.0) 
(226) are much higher than those of ethereal solvents and 
also, the single negative charge in the conjugated hydro- 
carbons is well dispersed. 


Thus, the equilibrium 


R: + Mt = R:,M+ (3.4) 


lies far to the left. The constancy of Eh values for the 
first hydrocarbon wave with increasing cation concentration 
provides the evidence for the lack of any significant 

ion pairing. Further, il values were unchanged by 

cations in all systems studied as opposed to i2 where 
clearly dianion-cation interaction occurs. The linearity 
of the im vs cation concentration plots is further proof 


that no complications arise from any reaction between the 
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anion radicals and the cations. The slopes of these lines 


coincided well with the calibration plots for the 


individual metal cations. Where the wave of the metal 


cation is not resolved from that of the hydrocarbon, the 


linearity, slopes and intercepts of the il + im vs metal 


concentration plots imply that these combined waves are 


Simply additive with no chemical complications. The fact 


that the slopes agree well with those for the calibration 


plots of the metal cations and the intercepts are close to 


the wave height of the hydrocarbon reduction strongly 


Support this deduction. Positive deviations from linearity 


of the il and il + im plots at high metal concentrations 


are probably due to maxima observed at these high concen- 


trations. However, these deviations are small and do not 


detract from the results. 


It is proposed that the current depression of the 


dianion waves, i2, is due to the interaction between the 
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dianion and the metal cations. All the results observed 


point in this direction. Adsorption and film formation 


effects have been ruled out from the normal diffusion 


controlled behavior of the current-time transients at the 


potentials where current depression occurs. These effects 


do not normally show the concentration dependence which 


has been observed in these experiments. Reverse pulse 


polarography does not show any desorption or film 


destruction currents which will support the presence of 


adsorption or film formation. Another possible explanation 


for the current depression could be due to the presence 


of trace water. Under the careful purification procedure 


used in this work, the water concentration is probably 


much less than 5 mM. However, in the presence of water, 


the following reactions could conceivably occur: 
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RH- + H50 = RH5 + QH- 


Mire 20h ieee MOH 


If this were the case, the addition of water should 
increase the magnitude of the current depression. This 
could happen if the presence of OH- results in the removal 
of metal cations. However, alkali metal hydroxides are 
relatively soluble in these solvents, and it is doubtful 
that at such low concentration the solubility products 
could be exceeded. However, what is more important is 
that further experiments involving the addition of water, 
which will be discussed in a later chapter, lifted the 
depression of current i2 rather than reinforcing it. 
Therefore, from the above discussion, the only 
possible explanation for depression of current i2 is the 
interaction of dianions with metal cations. The course of 


events leading to the decrease in the magnitude of i2 is 
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viewed as follows: at the diffusion current plateau for 


the metal ion reduction, the concentration of the metal 


ion at the surface of the electrode is zero and a vir- 


tually linear metal concentration gradient has been 


established in the diffusion layer. As the potential scan 


proceeds to more negative values, reduction of the hydro- 


carbon anion radical to the dianion begins. The dianions 


which are formed start to diffuse through the diffusion 


layer out into solution. In this layer, encounters 


between the dianions and the metal cations result in 


interaction between the two. Interaction with the cations 


effects their removal and thus reduces the number of 


cations which can arrive at the electrode to be reduced. 


This means that the diffusion current of the metal cation 


which has been established prior to the formation of the 


dianions can no longer be maintained. Since this phenome- 


non occurs at the potential region of the reduction of the 
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anion radicals, it manifests itself as a drop in i2. The 


reason for the observed cathodic current on an anodic scan 


for the An:Li+ in DMF system is now clear (Figure 23). As 


the potential is scanned positive, a potential is reached 


where dianions are no longer formed and Li+ is no longer 


being removed in the diffusion layer. Thus the arrival of 


the Li+ to the electrode surface results in a cathodic 


current. 


It is therefore logical that the strength of inter- 


action between the dianions and the metal cations is 


reflected in the magnitude of the current depression. 


Lit and Na+ react strongly with An= in both ACN and DMF. 


In Figures 24 and 26, the slopes for the i2 plots are 


essentially equal to the slopes for the il and i] + im 


plots. This means that almost complete removal of Li+ 


and Na+ is effected. It is interesting to note, in the 


An:Li+ system in DMF for example, that the point where 
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the i2 plot crosses the concentration axis occurs at 


1.45 mM. If complete removal of Li+ is the case, the 


removal of 1.45 mM of Lit+ would result in a loss in 


current of 1.45 x 4.0 = 5.8 uA. Since the current depres- 


Sion occurs at the i2 wave for anthracene and the diffusion 


current for this wave for 1.00 mM An is 6.1 uA, this 


would mean that the actual observed i2 is only 6.1-5.8 = 


0.3 uA which is very close to zero. The very strong 


interaction of Lit and Nat with An~ is obvious if Figure 


2/7 1S considered. It can be seen that up to a concentra- 


tion of 2.00 mM of Li+ added, the amount of Li+ reacted is 


also 2.00 mM, resulting in a slope of 1 for the curve 


given in Figure 27. The same can be said for Na+ up to 


1.00 mM. With Na+, the curve levels off at 2.00 mM 


whereas with Li+ it approaches 3 mM. The interpretation 


is therefore that a 1:3 stoichiometry of An:Lit+ is 


obtained in DMF whereas An:Nat+ gives a 1:2 stoichiometry. 
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The same result is true for An: with Li+ and Na+ in ACN. 


The formation of the 1:3 complex An,3Li+ is very inter- 


esting from charge considerations since it gives rise to 


an overall positive charge. However, this is not without 


precedent since the same stoichiometry was found for the 


interaction of anthraquinone dianion with Li+ (227). 


In the case of K+ and Rb+, i2 did not reach large 


negative values as can be seen from Figure 24. Figure 


27 also shows that reactions between An= and these cations 


are not as strong as for Li+ and Nat. The plots in 


Figure 27 show continuous increase in the mmol of cation 


reacted with increasing metal concentration. Reaction 


for Rb+ appears to be slightly greater than K+. It is 


proposed that for these two cations, both 1:1 and 1:2 


complexes are present and these have small formation 


constants. 


Li+ with Fa= reacts strongly on a 1:1 basis in DMF. 
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There is some 1:2 complex formed but this does not appear 


to be strong. This can be observed from Figure 25 where 


the il + im plot remains constant up to about 1.2 mM Li+ 


and then increases linearly with a slope of 4.2 which is 


approximately equal to that for Li+ calibration of 4.0 


uA/mM. This is Supported by Figure 28 where a slope of 


1 was obtained and the mmol Lit+ reacted starts to level 


oubNat 2m Lite anicetonitrile. similar results) are 


obtained (Figure 26) except that more of the 1:2 compex 


Fa=,2Li+ is formed and the mmol Li+ reacted approaches 


2.0 mM (Figure 30). 


Nat reacts very strongly with Fa= both in DMF and 


ACN as can be seen from Figures 28 and 30 where slopes of 


1 were obtained. However, only a 1:1 complex(Fa=,Na4 appears. 


The reaction did not proceed to the 1:2 complex Fa=,2Na+ 


since the curves leveled off exactly at 1 mM of Nat. Kt 


and Rb+ reacted only very weakly with Fa= and from what 
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has been said for Lit+ and Na+ with Fa=, it can be deduced 


that only 1:1 complexes are formed with very small forma- 


tion constants (Figure 28). 


The results obtained from the experiments where the 


hydrocarbon concentrations were varied confirm the 


conclusions which were reached in the above discussion. . 


In the An:Li+ in DMF system (Figure 31), where the Lit 


concentration was fixed at 1.50 mM, the constancy of the 


Lit reduction current with added anthracene concentration 


and the fact that Eh values for the first anthracene 


wave and the Li+ waves did not change significantly imply 


that no interaction occurs between An~ and Li+. The il 


vs An concentration plot was linear. The i2 plot which 


was linearly increasing beyond a concentration of 0.51 mM 


for An, has the same slope as the il plot. This means 


that no further reduction in the i2 current occurred after 


0.51 mM of anthracene had been added. The mmol Lit+ 
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reacted vs An concentration plots is most informative. 


The initial linear portion has a slope of 3.0 and it starts 


to level off at an anthracene concentration of 0.5. In 


the level portion the mmol Lit reacted was 1.50 mM. All 


this supports the argument that Li+ reacts very strongly 


with An= to form the 1:3 complex An=,3Li+. (Note: 


Current values in this experiment (Figure 31) should not 


be compared with calibration plots of other experiments 


because for this particular experiment the Hg head was 


changed to 50.0 cm instead of the usual 57.0 cm in DMF 


throughout this work.) 


The results for the experiment where the Na+ concen- 


tration was fixed at 2.00 mM (Figure 32) again confirmed 


earlier conclusions for this system. The il + im plot 


has a slope of 6.0 which agrees with the calibration 


plots for An in DMF. The i2 plot increased linearly with 


An concentration beyond 1.00 mM and has a slope of 6.0. 
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The mmol Na+ reacted vs An concentration has a slope of 


1.9 and levels at 2.00 mM Na+. Therefore Na+ forms a 


Strong 1:2 complex with An= in DMF. 


From the above discussion, it is clear that inter- 


action of dianions with alkali metal cations increases 


1) with decreasing size of the cation; 


2) with decreasing size of the hydrocarbon; and 


3) from dimethylformamide to acetonitrile. 


The nature of the interaction between the dianion 


and the alkali metal cation needs to be discussed. In 


the chemical reduction of aromatic hydrocarbons with 


alkali metals in ethereal solvents it is assumed that the 


dianions form ion pairs with the alkali metal cations. 


Here, the dianion-alkali metal cation interactions are 


also believed to be ion pairing. Since the extent of 


ion pairing increases with decreasing radius of the 


cations, contact ion pairs are formed. This is reason- 
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able since the larger the charge/radius ratio for the 

cations (Lit > Na+ > K+ > Rb+), the greater the strength of 
interaction. The ionic radii of Li+, Nat, K+, and Rb+ are 
Ube. = 0.97 4° 123s" and?) 647 A respectively. Contact ion pairs 
have also been found in interactions of ketone anions with 
alkali metal cations (227). This trend is observed in this 
work except for K+ and Rb+ with An in DMF where the two are 
reversed (Figure 27). For these two cations, solvent sepa- 
rated ion pairs may exist since stabilization by contact ion 
pair formation may not be large enough to compensate for the 
destabilization arising from desolvation. It is known that 
increase in radius of countercation favors the solvent 
separated ion pair because the gain in coulombic energy on 
collapse to the contact ion pair is decreased (reference 217, 
p. 356). The situation can arise, where both the solvent 
Separated and contact ion pair exist in equilibrium. For the 


K+ and Rb+ case then, the solvent separated ion pair should 
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be more favored resulting in the reversal in trend as observed 
above. This study however, does not provide enough informa- 
Lioneto’ testhtnistsituation. 

The dianions of the aromatic hydrocarbons had half-wave 
potentials more negative than the alkali metal cations 
(Table 1). (Note: The hydrocarbon anion radicals reductions 
to the dianions were not reversible, therefore the Eh values 
do not have any thermodynamic significance. However, 
for the sake of argument here, they will be assumed to be 
reversible Eh values.) Examination of Table 1 shows that in 
DMF, the second reduction wave of anthracene has the most 
negative Eh, this value being -2.989 V and Na+ the most posi- 
tive Eh, with value -2.463 V. The difference between these 
two values is 526 mV. In acetonitrile, where K+ and Rb+ were 
not studied, again the most negative and positive Eh values 
belong to anthracene second wave (-2.904 V) and sodium cation 


(-2.159 V) respectively, the difference being 745 mV. In 
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general, solvation effects in going from DMF to ACN are much 


larger for the cations than for the hydrocarbons and therefore 


in terms of electron transfer, the cations are more acidic in 


acetonitrile. Therefore considering the anthracene-cation 


systems in ACN, it seems that the An= is a much stronger base 
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3 


compared to the cations. As mentioned above, the difference in 


Eh between the An~/An= couple and Na+ is 745 mV. The differ- 


ence between the same couple and Lit is 639 mV. From these 


views therefore, the argument can be made that the current 


depression observed is due to electron transfer from An= to 


the metal cations in the diffusion layer which would prevent 


these cations from reaching the electrode. 


However, careful examination shows that the above argu- 


ment cannot be true. This is because polarographic half-wave 


potentials obtained for alkali metal cations are not applica- 


ble since reduction at the mercury electrode results in 


amalgam formation whereas reduction by An=, if it were to 
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occur, would result in formation of the alkali metal in the 


solution. This means that E(0) values for the alkali metal 


cations must be used. The standard reduction potentials for 


Na+ and Li+ in ACN are given below (see reference 172, p.400). 


Cation E(0) (vs Standard Hydrogen Electrode (SHE) ) 
Lit -2.645 V 
Nat -2.421 V 


Since the Eh value for the An~/An= couple was obtained 
with reference to the Ag/Ag+ (0.01 M) reference electrode, 
this can be converted to the hydrogen scale. The Ag/Ag+ 
electrode is +0.3 vs aqueous SCE which in turn is +0.246 vs 
SHE and therefore the Eh value for An~/An= is -2.358 V vs 
SHE which means that the solution reduction of the cations 
without amalgam formation is negative of the An’ /An= 
couple. Charge-transfer complexes (EDA type) have been 
observed for contact ion pairs in solvents of low dielectric 


constant (reference 217, p. 410). However, in view of the 
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above discussion and from the fact that no colored species 
were observed at the surface of a hanging mercury drop 
electrode, this type of complex is not thought to occur to 
any extent in this case. 

The increase in ion pairing in going from anthracene 
to fluoranthene can be explained in terms of the larger 
Size of the fluoranthene molecule due to more fused rings. 
Therefore, the two negative charges in fluoranthene 
dianion are more diffuse compared to anthracene. This is 
evident from the more positive reduction potential of 
fluoranthene. 

It is obvious that solvation must play an important 
part in the dianion-cation interactions. The results of 
the An:Li+ system in ACN and DMF serve to demonstrate this 
point. A distinct peak appears at the beginning of the 
dianion wave before depression occurs in DMF (Figure 10). 


This peak is absent in ACN (Figure 18). It is well known 
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that Lit is much more strongly solvated in DMF than in ACN. 
It is expected that both the kinetics and the equilibrium 
of ion pair formation is more favorable in ACN than in DMF. 
The appearance of the peaks in DMF could mean that a small 
amount of dianion has to be present before interaction 
becomes favorable. The slopes of the calibration plots for 
Na+, K+ and Rb+ are closely grouped in DMF. This means 
that the solvated radii of these ions in DMF are not very 
much different. However, Na+ interacts much more strongly 
than K+ or Rb+ with dianions. This is another indication 
of contact type of ion pairing in the case of Nat. Unfor- 
tunately, no studies could be made for K+ and Rb+ in ACN so 
that no comparison could be made for these two ions in 
different solvents. 

The observation of different stoichiometries for 
different systems in this study is very interesting. In 


many previous studies in ethereal solvents, not much 
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attention has been paid to these variations in stoichi- 


ometries. In most cases, it has been implicitly assumed 


that anion radicals pair with one cation whereas dianions 


pair with two cations. However, electrochemical studies 


of ion pairs of negative ions of ketones with alkali metal 


cations in DMF and ACN have revealed that these different 


stoichiometries exist (209-212). It is not very clear to 


the author at this point why these different stoichi- 


ometries occur for the aromatic hydrocarbons. Clearly 


charge considerations alone are not enough since Li+ and 


An= forms a 1:3 complex An,3Li+. Obviously, structural 


factors and solvation of the ion pairs play important 


roles in these interactions. Fast spectroscopic tech- 


niques could provide valuable information on these aspects. 


Spectroelectrochemical methods would be relevant in these 


areas. However, difficulties arise in electrode fabrica- 


tion. Mercury thin film electrodes have so far not been 
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very successful. Further research in this area in these 


laboratories is in progress. 


Temperature studies have also been made. Experiments 


were carried out at 5°C and 45°C besides 25°C. However, 


over this temperature range, no measurable changes in the 


interactions were detected. So far, the discussion has 


been qualitative in nature. It is necessary to perform 


some calculations to obtain the equilibrium constants 


for the ion pairs. However, the value of these calcula- 


tions would be very doubtful due to the unstable nature 


of the dianions. However, it is felt that this present 


study provides an important starting point for further 


investigation. To the best of the author's knowledge, 


this is one of the few, if not the only, study of the 


interactions between aromatic hydrocarbon dianions and 


alkali metal cations in dipolar aprotic solvents. 


From the results and discussion presented so far, 
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the following summary concerning the interaction of the 


negative ions of anthracene and fluoranthene with alkali 


metal cations in ACN and DMF can be made: 


i) No interaction of the anion radicals with alkali 


metal cations occurs in either solvent. 


ii) Ion pairs are formed between the dianions and alkali 


metal cations. These ion pairs are of the contact 


type except for K+ and Rb+ with An= in DMF where 


solvent separated ion pairs may exist. 


iii) The strength of interaction follows the trend 


Lit > Nat > K+ > Rbt+. 


iv) Interactions are stronger in ACN compared to DMF. 


v) The stoichiometries of interactions do not depend on 


charge considerations alone. 


The following scheme for the reactions are postulated 


where R represents the aromatic hydrocarbon and M+ the 


alkali metal cation: 
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R* + M+ = R* M+ (1) equilibrium lies very 
far to the left 

R= + M+ = R= ,M+ (Guo) 

R=,M+ + M+ = R= ,2M+ Clit) 

R=,2M+ + M+ = R= ,3M+ (IV) 


Step II occcurs very strongly for An:Li+,Nat+, and 


Fa:Lit,Nat+ in both solvents, but only weakly for 


An:K+,Rb+ and Fa:K+,Rb+ in DMF. Step III occurs very 


strongly for An:Li+ in both solvents, An:Nat+ in ACN but not 


quite as strong for An:Nat+ in DMF. It is of moderate 


strength for Fa:Li+ in ACN but weak for Fa:Lit+ in DMF 


and An:K+,Rb+ in DMF. Step IV occurs strongly in An:Lit+ 


in both solvents. 
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Chapter 4. The Effect of Water on the Interactions 
between Aromatic Negative Ions and Alkali 
Metal Cations 


Av beslntroduction 


In Chapter 3, it was found that the second reduction 


wave of anthracene and fluoranthene was irreversible due to 


the reactive nature of the dianion with respect to protona- 


tion by proton donors (such as water) present in the solvents 


even after purification. However, it has been established 


that Lit and Na+ interact strongly with the dianions. 


Hence, under the experimental conditions described earlier, 


the dianions-cation interactions take precedence over pro- 


tonation in the diffusion layer. Also, the possible 


presence of the hydroxide ions was not thought to be the 


cause for the observed current depression of the dianion 


wave. In this chapter, evidence will be presented that 


shows this is indeed so. 
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From what has been discussed, it is reasonable to 


expect that there is a competition between the metal 


cations and the proton donors for the available dianions 


close to the electrode surface. If this is true, then 


conditions could be altered so that the protonation 


reaction proceeds faster compared to the dianion-cation 


reaction. One such alteration is then to drastically 


reduce the concentrations of the electroactive species 


and determine the effect on the limiting currents. 


Another is to have controlled addition of water to the 


system. The addition of water would also substantiate the 


proposal that hydroxyl ions are not the cause of current 


depression since if this were so, current depression 


will be increased or in the limit remain constant. 


The following sections describe the experiments 


performed to test the above assumption. 
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4.2 Experimental 


4.2.1 Instrumentation 


The equipment used is exactly the same as that 


described in Chapter 3. 


4.2.2 Purification of Chemicals 


The purification of anthracene, fluoranthene, alkali 


metal perchlorates and the solvents acetonitrile and 


dimethyl formamide has already been described. The water 


used here was tap distilled water which had been deionized. 


It was then made alkaline by adding sodium hydroxide. 


Potassium permanganate was then added. This mixture was 


distilled and the distillate was taken through 


another distillation stage. 


4.2.3 Procedure 


In all experiments, the supporting electrolyte used 
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was tetra-n-butylammonium tetrafluoroborate (TBAF) at 


0.10 M. The deaeration procedure was the same as that 


described in Chapter 3. Temperature was controlled at 


2607240. FG; 


In the dilution experiment, 25 ml of a solution 


containing 2.00 mM anthracene and 3.00 mM lithium per- 


chlorate in DMF was pipetted into the polarographic cell. 


Into each solution, measured volumes of the background 


solution (solvent at 0.10 M TBAF) equlibrated at 25°C was 


transferred . 


In water addition experiments, water was added to 


separate solutions of the metal cations and the hydro- 


carbons in DMF. Then water was added to mixtures of 


solutions of the metal cations and the hydrocarbon. For 


example, in the first case water was added separately to 


1.00 mM anthracene and also to 3.83 mM Lit+ solutions in 


DMF. Then a mixture containing 1.00 mM anthracene and 
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3.83 mM Lit was used to which water addition was performed. 


Finally, a water concentration was chosen to be used in 


kinetic studies. In the case of the An:Li+ system this 


concentration was 2.14 M in water. 25 ml of a 1.00 mM 


Solution of anthracene in DMF (0.10 M TBAF) which was 


also 2.14 M in water was pipetted into the polarographic 


cell. After each run a known volume of a stock solution 


of Li+ which was also 1.00 mM in anthracene and 2.14 M in 


water was transferred into the cell. 


Similar experiments were also carried out for the 


An:Nat+ system in DMF. In this case water was added to a 


mixture containing 1.00 mM anthracene and 3.92 mM Na+ in 


DMF. From this experiment a water concentration of 0.22 M 


was chosen for further studies. 


For fluoranthene, water was also added, using a micro- 


syringe, to a 1.00 mM solution of fluoranthene in DMF. 


Similar experiments as for anthracene were carried out with 
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water addition to Fa:Li+ and Fa:Na+ solution mixtures in 


DMF. In the case of Lit, the concentration of fluoran- 


thene was 1.00 mM and Li+ was 1.02 mM whereas for Na+, the 


concentration of fluoranthene was 1.00 mM and Na+ was 2.45 


mM. From these experiments a fixed water concentration of 


1.72 M was chosen for kinetic studies of the Fa:Li+ system. 


The limiting currents were corrected for dilution effects 


due to the addition of water. 


4.3 Results 


Figure 33 shows the effect of dilution on a mixture 


of 2.00 mM anthracene and 3.00 mM Li+ in DMF. It can be 


seen that at the high concentration end, current depres- 


sion of the third wave is obvious. As the solution was made 


more and more dilute, the magnitude of the depression 


became less until at a concentration of 0.09 mM anthra- 


cene and 0.15 mM Lit+, the current depression was completely 
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Dilution experiments: polarograms showing the 
effect of dilution on mixtures of anthracene: 
lithium cation in the concentration ratio 1:1.5 
in DMF at 25°C. 

Anthracene:Li+ concentrations are (in mM): 

(Ae) O07 0 Ie 90209 O15 ws) OR LS as ra 
(4) 0.24:0.37, (5) 0.34:0252,) (6)0.44:0.66;, 
ly Oeoc 0.958 (Ole Ol lo ei 0, ale Lele bya 
(LON mAR Zoo BS CIE aS 32.14, (ic) lose. 50, 
(Loe2.00e 3.005 

Mercury column 57.0 cm. 


lifted. At this concentration, the height of the third 
wave which was due to the reduction of the anthracene anion 
radical to the dianion, was equal to that of the first 
wave, which is the expected result in the total absence of 
any interaction between the dianion and Li+. Figure 34 
shows the plots of the heights of the anthracene and 
lithium reduction waves against concentration. It can be 
seen that these plots are linear and the slopes agree well 
with those of the calibration plots given in Table l. 
Further, the plot of percentage of Li+ reacted vs concen- 
tration of Li+ shows that below about 0.90 mM Li+, the 

An: Lit interaction begins to be affected as the percen- 
tage of Lit reacted starts to decrease sharply from 100%. 
It should also be pointed out that polarographic behavior 
remained essentially unchanged with dilution within the 
limits of experimental error. For example, the Eh values 


of the anthracene and Li+t reduction waves remained con- 
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Figure 34. 
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Dilution experiment: plots of limiting 
Currents and percentage of lithium cation 
reacted versus lithium cation concentration 
in DMF at 25°C. 

An:Li+ concentration ratios kept at 1:1.5 
Mercury column 57.0 cm. 
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Before the effect of water on mixtures of anthra- 


cene and Lit solution was examined, it was decided to 


investigate the effect of water on separate solutions of 


anthracene and Li+ in DMF. Figure 35 shows the effect of 


water, up to 5.00 M, on the limiting currents of a 1.00 mM 


solution of anthracene and a 3.83 mM solution of Lit+ in 


DMF. In the case of anthracene, both the limiting 


currents of the first (il) and second (i2) reduction 


waves decreased linearly with water concentration. The 


limiting currents were corrected for dilution effects due 


to the addition of water. The decreases were approxi- 


mately equal for both waves and amounted to about 17% at a 


water concentration of 5.20 M. The Eh values for the 


first wave were shifted negative by about 20 mV, but 


those for the second wave were shifted positive by about 


55 mV at 5.05 M water as compared to the dry solution. 
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Plots of E vs log((il -i)/i) showed that for the first 
wave the slope was 60 mV for a reversible one-electron 
transfer. This behavior did not change even up to addi- 
tion of about 4.31 M water. For the second wave, the 
Slope was 66 mV in the absence of water but increased to 
71 mV at 4.31 M water. 

In the case of the 3.83 mM Lit+ solution in DMF, 
the limiting current decreases from 15.2 uA in the absence 
of water to 12.6 uA in the presence of 5.05 M water, 
again a decrease of 17% (see Figure 35). The Eh values 
remained essentially constant( within 10 mV). Plots of 
E vs log ((iA -i)/i) showed that the slopes did not change 
very much, decreasing slightly from 65 mV with no water 
to 63 mV at 4.31 M water. 

The results of the addition of water to a mixture 
of 1.00 mM anthracene and 3.83 mM Lit+ in DMF are shown in 


Figure 36. It can be seen that at low water concentra- 
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Figure 35. A. Effect of water on the limiting current of 
a 3.83 mM lithium cation solution in DMF 
atezoau. 

B. Effect of water on the limiting currents of 
a 1.00 mM solution of anthracene in DMF 
he ay domt AS 
Horizontal axis show concentration of water. 
Mercury column 57.0 cm. 
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Figure 36. 
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Polarograms showing the effect of water 
addition on a mixture of 1.00 mM anthracene 
and 3.83 mM lithium cation in DMF at 25 C. 
Water concentrations are (in M): 

(ROT OOR Cc) e0s1l, (3) 0.445 (4) 91572, 

(Cones Soe ON) mec ey Oona) more LAs nO me S73 

(9) 4.31. 

Mercury column 57.0 cm. 
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tions (up to about 0.11 M), there was not much effect on 


the current depression of the third wave. As the concen- 


tration of water was increased, the magnitude of the current 


depression decreased until at about 3.73 M water, there 
was no depression and the height of the third wave became 
equal to the first. Figure 37 shows the plots of the 
limiting currents vs water concentration. The currents 
have been corrected for the dilution effects due to 

water addition. The plots of anthracene (il) and Lit 

(im) reduction currents vs water concentration show the 
Same trend as those of Figure 35. They decreased linearly 
with increasing water concentration. However, the limiting 
current for Li+ appeared to be slightly higher here. For 
the anthracene and Li+ reduction waves, the same results 
were obtained here concerning the Eh values and the E vs 
log ((i1-i)/i) as for the separate solutions with respect 


to water addition. The current due to the reduction of 
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the anthracene anion radical (i2) remained approximately 


constant at its depressed value up to about 1.0 M water 


and then increased at higher water concentrations. Above 


3.4 M water, the height of the dianion wave became equal 


to that for the first wave. The plot of mM Li+ reacted 


vs water concentration is also shown in Figure 37. 


When no water was added, the amount of Li+ reacted was 


exactly 3.00 mM. Increasing the water concentration up to 


about 1.70 M did not change this value much. However, at 


higher water concentrations, the amount of Li+ reacted 


decreased and approached zero at 3.35 M water. Figure 38 


shows the results of the experiment where the water 


concentration was fixed at 2.14 M and the concentration of 


Lit in a 1.00 mM anthracene solution was increased. As 


expected the limiting current of the first wave (il) 


remained constant while the Li+ wave (im) showed a 


linear increase with slope of 3.9 uA/mm, slightly lower 
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to that of the Lit+ calibration slope of 4.0 uA/mm. The 


depression of the third wave (i2), as can be seen from 


Figure 38, was very much less as compared to that in the 


absence of water. The plot of mM Li+ reacted showed an 


induction region corresponding to about 0.40 mM Li+ before 


any reaction occurred between An= and Lit+. 


Figure 39 shows the effect of water addition on a 


solution containing 3.92 mM Na+ and 1.00 mM anthracene in 


DMF. The first wave corresponding to the unresolved 


reduction of anthracene and sodium (ilt+im) decreased 


linearly with increased water concentration. The 


magnitude of the current depression (12) decreased until 


at concentrations of water above about 1.0 M, the value 


of i2 was approximately equal to the first reduction of 


anthracene. Figure 39 shows that initially when no water 


was added the mM Na+ reacted was exactly 2.00 mM, and 


decreased quite sharply with water addition as 
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Figure 39. 
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Effect of water addition on the limiting 
currents and the amount of sodium cation 
reacted for a mixture of 1.00 mM anthracene 
and 3.92 mM sodium cation in DMF at 25°C. 
Horizontal axis show water concentration. 
Mercury column 57.0 cm. 

11 + im: combined limiting current for 
anthracene and sodium cation 
reductions 

i2: limiting current for anthracene anion 

radical reduction 
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compared to the case of Lit (Figure 37) and approached 
zero at 1.0 M water concentration. Figure 40 shows the 
results of the experiment where the water concentration 
was fixed at 0.22 M and the Na+ concentration in a 
1.00 mM anthracene solution in DMF was increased. The 
il+im plot was linear with slope of 5.1 uA/mM and intercept 
of 5.7 uA. These values are in accord with the calibration 
Slopes of Na+ and the wave height for 1.00 mM anthracene. 
Again, the current depression of the i2 wave was much 
less aS compared to that in the absence of water. As in the 
case of An,Li+ system, the mM Na+ reacted vs Na+ concen- 
tration plot showed an initial induction region, this 
time up to about 0.20 mM Nat. 
Figure 41 shows the effect of water on the first (i1) 
and second (i2) reduction waves of fluoranthene. Similar 
results were obtained for fluoranthene as for anthracene. 


The limiting currents for both waves decreased linearly 
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Figure 40. Plots of limiting currents and amount of 
Sodium cation reacted versus sodium cation 
concentration for mixtures of anthracene and 
sodium cation containing 0.22 M water in DMF 
at 25°C. 

Anthracene concentration fixed at 1.00 mM. 
Mercury column 57.0 cm. 
i1 + im: combined limiting current for 
anthracene and sodium cation 
reductions 
i2: limiting current for anthracene anion 
radical reduction 
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Figure 41. Effect of water addition on the limiting 
currents of a 1.00 mM fluoranthene solution 
in DMF at 25°C. 

Horizontal axis show water concentration. 
Mercury column 57.0 cm. 


by about 10% at 4.1 M water. Eh values for the first wave 


were approximately constant shifting in magnitude by about 


18 mV for the water concentration range studied whereas 


the Eh values for the second wave shifted positive by 


about 90 mV. Slope of the E vs log ((id-i)/i) plots for 


the first wave was unchanged and corresponded to 60 mV for 


a one-electron reversible wave whereas for the second wave 


the slope increased slightly from 63 mV to 68 mV for the 


highest concentration of water used. 


The results of water addition to a solution con- 


taining 1.00 mM fluoranthene and 1.02 mM Li+ in DMF are 


presented in Figure 42. The limiting current for the 


first wave (il), as expected, decreased linearly with 


water concentration increase as was observed for the 


addition of water to fluoranthene. The second wave 


corresponding to im + i2, which was not resolved, 


remained approximately constant until about 1.0 M water 
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Effect of water addition on the limiting 

currents and amount of lithium cation reacted 

for a mixture of 1.00 mM fluoranthene and 1.02 

mM lithium cation concentration in DMF at 25°C. 

Horizontal axis show water concentration. 

Mercury column 57.0 cm. 

i1: Jimiting current for fluoranthene 

reduction 

im + 12: combined limiting current for lithium 
cation and fluoranthene anion radical 
reduction 
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and then increased before leveling out at a water con- 


centration of 2.34 M. The value of im + i2 at the 


final water concentration of 3.14 M was 8.6 uA. From 


Figure 41, the limiting current i2 for the second wave 


of fluoranthene at 3.14 M water was 5.3 uA. Also, from 


Figure 35, it can be calculated that at 3.14 M water, the 


lamiting current, org) .025mM Lit 1se3-6suA.)) [hes sun of 


these two waves at 3.14 M water therefore is 8.8 uA which 


is close to the value of 8.6 uA for the mixture. The mM 


Li+ reacted plot (Figure 42) shows that in the absence of 


water, a value of 1.0 was obtained which decreased and 


approached zero at high water concentrations. 


Figure 43 shows the result for the experiment where 


the water concentration was fixed at 1.72 M and Li+ was 


added to a solution of 1.00 mM fluoranthene in DMF. The 


value of the first wave (il) was constant whereas the 


im + i2 limiting current showed more complex behavior. 
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This result is best presented as the plot of mM Lit 
reacted vs Lit concentration. Since the Li+ reduction 
wave and the dianion wave were not resolved, to perform 
the calculations on the mM Li+ reacted, a calibration 
plot for Li+ reduction at 1.72 mM water was obtained. 
The limiting currents from this plot (Figure 43) were 
then used in subsequent calculations. As in all the 
other cases, there was an initial induction region 


corresponding to about 0.20 mM Li+, before there was any 


reaction between the fluoranthene dianion and Lit+. After 


the induction region, the mM Lit reacted increased as 


can be observed from Figure 43. 


In Figure 44, the results of water addition to a 


solution containing 1.00 mM fluoranthene and 2.45 mM 


Na+ are presented. The limiting currents for the first 


(il) and second (im) waves again show small decreases 


due to water addition. In the absence of water, the 
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Figure 44. A. Effect of water addition on the amount of 
sodium cation reacted for a mixture of 
1.00 mM fluoranthene and 2.45 M sodium 
cation in DMF at 25%. 

. Effect of water on the limiting currents 
for the same mixture above. 

Horizontal axis show water concentration. 

Mercury column 57.0 cm. 

1) Veelimitingscurmenc fo fluoranthene 

reduction 

im: limiting current for sodium cation 

; reduction 

i2: limiting current for fluoranthene anion 

radical reduction 
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dianion wave gave a depressed current corresponding to 
only 0.8 mM Na+ reacted. This is slightly lower than the 
value of 1.0 mM expected with addition of water. Current 


depression was again lifted with water addition. 


4.4 Discussion 

For the An,Li+ system in DMF at 2.00 mM anthracene 
and 3.00 mM Li+ (Figure 34), it is again confirmed that 
there is a strong interaction between An= and Lit. The data 
Show that at concentrations above 0.60 mM An and 0.90 mM 
Lit the amount of Li+ reacted with An= is 100%. A 100% reac- 
tion is expected since it has been shown that An,Lit+ reacts 
in the ratio 1:3 whereas in this case the An,Lit+ ratio is 
only 1:1.5. The proposal that there is a competition bet- 
ween trace proton donors and metal cations for An= was veri- 
fied by the results obtained at low concentrations in the 


dilution experiment. Obviously, at concentrations below 
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0.09 mM anthracene and 0.15 mM Li+, the rate of protona- 
tion of An= is faster than An,Li+ interaction so that 
the former predominates. At concentrations in between 
those mentioned, both processes occur to a varying degree. 
The addition of water does not seem to affect the 
electrochemical behavior of the aromatic hydrocarbons and 
the alkali metal cations very much. The stability of the 
anion radicals is evidenced by the slopes of the E vs 
log ((id-i)/i) plots. These plots show that there is no 
deviation from one-electron reversible reduction behavior. 
The small changes in Eh values of the first reduction wave 
of the hydrocarbons and the decrease in the limiting 
currents are attributed to changes in dielectric properties 
of the solvent and diffusion constants of the species. The 
limiting current of the second wave is affected to the same 
extent as the first wave and approximate equality of the 


wave heights at all water concentrations used are main- 
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tained. However, the Eh values are affected more, shifting 
positive by about 50 mV for anthracene and 90 mV for 
fluoranthene. Further, the slopes of the E vs log((id-i)/i) 
plots tend to increase in the presence of water, indicating 
the increasing irreversibility of the second wave arising 
from increasing proton addition to the dianions. These 
effects have been discussed in previous studies (4,25). 

At concentrations of water in DMF in the region of 5% or 
less, water is effectively solvated and is thus unable to 
react with the anion radicals of both anthracene and 
fluoranthene. Similar results have been obtained for aromatic 
hydrocarbons in DMF and dioxane (4,25). Therefore, in the 
concentration range used, the addition of water does not 
affect the mechanism of reduction of anthracene and fluor- 
anthene in DMF which involve two successive one-electron 
transfers, the first of which forms a stable anion radical 


and the second the unstable dianion. 
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The same can not be said of acetonitrile. Results 
obtained for the reduction of anthracene and fluoranthene 
in the presence of water in acetonitrile have indicated 
that there is a change in the mechanism of hydrocarbon 
reduction. As a result no further studies were conducted 
in this solvent and the results were not presented in the 
previous section. However, it was observed that in the 
presence of water, the stability of the anion radicals is 
affected. The first wave was observed to increase in height 
at the expense of the second wave which suffers a reduction 
in wave height. The same results have been observed in 
dioxane-water mixtures with increasing water concentration 


(23). Therefore the mechanism now becomes 


hie =e = RH- Ee Crd) 
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RH- + H, 0 = RH, + QH- (IV) 
RO othe = R= E3 (V) 

R= + H0 = RH- + QH- (VI) 
RH- + H0 = RH, + OH- (VII) 


For alternant hydrocarbons e.g. anthracene, it is known 


that E2 is positive of El. At sufficiently high water 


concentrations, the second wave is nonexistent and the 


first wave doubled in height corresponding to a two- 


electron wave. It is apparent that the ability of DMF to 


complex water causes the water activity to be lower in DMF 


than in acetonitrile, which has very low acidic and basic 


properties. 


The results obtained for the addition of water to the 


An:Li+,Nat+ and Fa:Lit+,Na+ systems in DMF further substan- 


tiates the conclusion made in Chapter 3 and the discussion at 


the beginning of this chapter. For the solution mixture 
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studied, namely 1.00 mM An and 3.83 mM Lit, 1.00 mM An and 
3.92 mM Na+, 1.00 mM Fa and 1.02 mM Li+, and 1.00 mM Fa and 
2.45 mM Na+, the results (Figures 37, 39, 42, 44) in the 
initial absence of water confirmed the stoichiometries of the 
dianion-cation interaction obtained in Chapter 3. It is 
important to note that in all the experiments with so many 
variations in mixing, the stoichiometries have always remained 
the same. Here, the An,Lit+t stoichiometry was again found to 
be 1:3, the An,Nat+ gave 1:2 and both the Fa,Lit+ and Fa,Nat 
systems gave 1:1 stoichiometry. 

The limiting currents of the dianion wave in all 
cases behaved as expected in the presence of water. The 
highly depressed values for An:Li+ and An,Na+ in the 
absence of water began to increase on addition of water, 
this indicative of decreased dianion-cation interaction. 
At high enough water concentrations, the limiting currents 


approached a value equal to that for the reduction of 1.00 
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mM An alone. This means that the protonation reaction 


dominates the dianion-cation interaction. The same can be 


Said of the Fa,Nat+t system except that the interaction in 


the absence of water leads to a smaller depressed value for 


the Fa,Li+ system. The calculation in the previous section 


again showed that in the presence of enough water, the im + 


12 limiting current gave a value expected in the total 


absence of Fa,Lit+ reaction. 


Clearly, the disappearance of current depression 


in the presence of water gives evidence that hydroxy] 


ions are not responsible for current depression. Further, 


the results complement that obtained in the dilution 


experiment. In the dilution experiment, the concentration 


of the hydrocarbon and the metal ions are brought down to 


a level where the trace proton donors can compete favorably 


for the dianions whereas the addition of water brings the 


concentration of proton donors up to a level for the same 
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effect. 


FOoY the above cases (Figures 37, 39, 42, 44) little 


need be said concerning the variations of the il, 


il+im and im limiting currents with the addition of 


water because the values and the slopes found in all 


cases were in agreement with what has been said in 


Chapter 3 except for small differences due to changes in 


diffusion constants arising from the addition of water. 


However, the plots of amount of metal cation reacted vs. 


water concentration show a very interesting difference 


between Li+ and Na+. From Figures 37, 39, 42 and 44, it 


can be seen that in the case of Lit+ with both An and Fa, 


the amount of Li+ reacted decreased only slowly at lower 


concentrations of water whereas Na+ with both the aro- 


matic hydrocarbons decreased sharply with the addition of 


water. This points strongly to a faster dianion-Lit+ 


reaction as compared to the dianion-Na+ reaction. 
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The establishment of a competitive reaction between 
water and metal cations for dianions provides the basis 
for kinetic studies of dianion-cation reaction. This 
can be done if conditions are controlled so that both 
interaction and protonation reactions can proceed. These 
conditions can be fulfilled with the proper choice of water 
concentration so that the protonation reaction does not 
far outrun the dianion-cation reactions for the range of 
metal cation concentrations used (up to 4 mM). Thus, 
from the results of water addition experiments (Figures 37, 
39, 42, 44) the water concentration chosen for the An:Lit+ 
system was 1.7/2 M and for the An:Nat+ system was 2.14 M. 
The results for these experiments where the water concen- 
tration is fixed has been reported in the previous section 
(Figures 38, 40, 43). Again, the variation of the limiting 
currents il, ilt+im and im with metal concentration shows 


(except for small decreases in values due to changes in 
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diffusion constants as a result of the presence of water) 
essentially the same behavior. The depression of the dianion 
wave for the An,Li+ and An,Na+ systems, as expected, 

was smaller as compared to the situation where no water was 
added (Figures 38, 40). In the An,Lit+ case, the current had 
only small negative values at high Li+ concentrations. 

In the An,Nat+ system, no negative values were obtained at 

all Na+ concentrations. However, the fact that current dep- 
ression was observed shows that dianion-cation interaction 
occurred. 

Complex behavior was seen for the second wave of the 
Fa,Li+t system in DMF. In the absence of water, this wave, 
which corresponds to the combined Fa~ and Lit+ reductions, 
remained constant with the addition of Li+ slightly past 
1.00 mM Lit. However, in the presence of water, at smal] 
Lit concentration the im + i2 limiting current increased as 


the protonation reaction is more favorable under these 
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conditions. At higher concentrations of Lit+, the current 
decreased since the Fa,Lit+t reaction became more effective 
and could compete favorably (Figure 43). 

Induction regions were observed in all cases for 
the amount of cation reaction vs cation concentration 
plots (Figures 38, 40, 43). The explanation for these is 
quite simple. Since considerable amounts of water are 
present initially, protonation of the dianions proceeds 
very fast. Introduction of small amounts of the metal 
cations initially have negligible effects. However, with 
continued addition of metal cations, a concentration of 
the cations is reached where the dianion-cation reaction 
is initiated, and at increasing metal cation concentra- 
tion, the rate increases and becomes competitive with 
protonation. 

The kinetic treatment for the competitive reactions 


is based on the following model and assumptions: 
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M+ M+ M+ 


R= ,M+—————R= ,2Mt ———> ... 


k2 


H,0 H.0 


4-4, 


\ 


where R= represents the aromatic hydrocarbon dianions, 


M+ the metal cations, and kl, k2 the rate constants for 


the dianion-cation reaction and the protonation reaction 


respectively. 


It is assumed that the R= which are formed are rapidly 


and completely destroyed through reaction with M+ and 


water. This is reasonable because of the very reactive 


nature of the dianions and the well known fact that the 


dianions are rapidly protonated even in aprotic solvents 


without the addition of water. Further, it is assumed 
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that the R:M+ reactions are strong and follow fixed 
stoichiometries. These stoichiometries have been 
established to be 1:3 for An,Li+, 1:2 for An,Nat, 

1:1 for Fa,Li+ and Fa,Nat+t. Therefore, even though 

the R,M+ reactions may be stepwise, after the initial 
reaction of one M+, the complexation continues until the 
stoichiometries are satisfied. For this reason, no 
kinetic studies have been made for K+ and Rb+ since 
results have shown that R:K+,Rb+ reactions are not 
strong reactions and therefore the above assumptions will 
not be true for those cations. 


From the above discussion, it follows that 


[R=]total = [R=]Jreacted with M+ + [R=]reacted with water 


(4.1) 


Also, 


y= [R=]reacted with M+ = k1[M+][ R= es a 


[R=|total ILM+]LR=] + k2LH., OJLR=] 
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and 


x= [R=]reacted with H = K2{ (Ho O)[R=] (4.3) 
" [R= ]total é KITM+]LR=] + k2LH 5O]LR2= 


Rearrangement gives 


y= [R=]reacted with Mt = M+ (4.4) 
[R=]total [M+] + (k2/k1)LH 5 0] 


and 
x= [R=Jreacted with H,0 = DH 3:0 (4.5) 
R= |total (k1/k2)LM+] + CH, 0] 


The above approach is similar to the common method of deter- 
mining relative rates of competing reactions from analysis of 
reaction products. Both the values of x and y are experimen- 
tally available. For the present purpose the equation above 
involving y is used. Thus the parameter of y is calculated 
from the values of amount of cation reacted which were plotted 


in Figures 38, 40, and 43. For example, in the 
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case of An,Li+ system, y is obtained by dividing the amount 
of Li+ reacted by 3 and then dividing by the bulk concen- 
tration of anthracene, which is 1.00 mM. Similarly, for 
the An,Na+ system, the amount of Na+ reacted is divided by 
2 and the Fa,Lit+t system by 1. It should be pointed out 
that these divisors are merely the stoichiometries of the 
dianion-cation complexes and follow from the assumptions 
made earlier. The y values so obtained are plotted against 
metal concentration in Figures 45-47. From these plots, 

it can be seen that the initial induction regions occur in 
all cases. These are expected because the data are 
calculated from those of Figues 38, 40 and 43 where the 
induction region exists. From equation (4.4), it can be 
seen that when (k2/k1)[H.0] >> [M+], then equation (4.4) 
reduces to 


5 eee 
(k2/k1)(H50] (4.6) 
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Figure 47. Plot of Y versus lithium cation concentration 
for mixtures of fluoranthene and lithium cation 
containing 1.72 M water in DMF at 25°C. 
Fluoranthene fixed at 1.00 mM. Mercury column 
57.0 cm. Y= [Fa=]reacted/[Fa=]total. 
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Therefore, at low cation concentrations, the plots 

Should be approximately linear with slope (k1/k2)(H,0]. To 
a first approximation, this is found to be so as can be 
seen from Figures 45-47. The values of the slopes thus 
obtained are tabulated in Table 3. From these slopes, the 
ratios of the rate constants k1/k2 are calculated. These 
ratios are 1.0e3, 80 and 2.8e3 for the An,Lit+, 

An,Nat+ and Fa,Li+ systems respectively. If the rate 
constants k2 for the protonation of the dianions are known 
then the rate constants kl for the dianion-cation inter- 
actions can be calculated. There have been many studies 
of the protonation of the anion radicals of aromatic 
hydrocarbons by such proton donors as alcohols and water 
(228-230). However, the protonation of dianions has not 
been thoroughly studied. Values ranging from 1.0e8 to 
1.0e10 /M s have been given (231,232). No data for the 


protonation of fluoranthene dianion is available. Here 
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Table 3. Estimated Rate Constants** 


System [H50] 
M 


An:Li+ in DMF 2.14 
An:Na+ in DMF Oece 
Besbit in DME Vev2 


Fa:Nat+ in DMF = 


**Continued next page. 
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System 


An:Lit+ 


An:Nat 


Fa:Lit 


Fa:Nat 


in DMF 


in DMF 


in DMF 


in DMF 


Table 3 Continued 


[D500] -k1/k2[D50] 


Zou 0.45 


k1/k2 


0.9e3 


80 


/M- 15-1 
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the rate constant for the protonation of anthracene 
dianion will be taken to be 1.0e9 /Ms. The rate constants 
for the An=,M+ interaction are 1.0el12 and 8.0e10 /M s 
for Lit and Na+ respectively. 

The rate constants for the diffusion controlled 
reactions between two ions is given by the Debye extension 


of the Smoluchowski equation (233,234) 


0 
k(d) = [(8RT/3000n")] [0/(e -1)] (47) 


where O= Z(A)Z(B) ce (4.8) 
a=distance of closest approach of ions 
g=dielectric constant of solvent 
n'=viscosity 
e=electronic charge 
Z(A),Z(B) are the charge numbers of the ions. 
The other terms have their usual meaning. 


For DMF the viscosity is 0.802 c.p.(25°C) and at 25°C the 
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term 8RT/3000n" has the value 1.0e10 /M s. Since the 
dianions and metal cations have charges -2 and +1 
respectively and assuming that the distance of closest 
approach is approximately 2.8 j GUSiaG eae A for the An=, 
estimated from covalent bond lengths, and 0.7 A for ionic 
radius of lithium). 

Then 


-2)(+1)(4.8e-10 
(37) VIS S8e=16 4296) 2.0e-3 


—S> 
iH] 


-109 


Therefore k(d) = 1.1e12/M s. 

Based on a similar approach, k(d) for Nat, K+ and Rb+ (ionic 
Radel Uo Oud is) A respectively) can be calculated to 
be 9.8el1, 9.0ell, and 8.5e11/M s. The experimental value 
obtained for the An:Li+ system in DMF was 1.0e12/M s which 


is in very good agreement with the calculated value above. 
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This value is over an order of magnitude larger than for Nat 
which has an experimentally determined rate of 8.0el10/M s. 
Therefore, the rate of ion pair formation obtained for 
An=:Li+ in DMF is very close to the diffusion controlled 
limit and that for An=:Na+ about 10 times less than diffusion 
controlled. These are not too surprising because ion pair 
formations have been consistently found to be very fast reac- 
tions. For example, in tetrahydrofuran, the association of 
benzophenone anion radical has a rate constant of 1.lell and 
in carbon tetrachloride-nitrobenzene mixture, tetra-n-butyl- 
ammonium bromide has an association rate constant of 1.3e11/ 
Ms (see reference 217, p. 443). It was noted that these 
rate constants are within a factor of 4 of the computed values 
for diffusion control. 
The experimentally determined rate constants are 
expected to be a bit high because the actual activity of water 


in DMF is in all probability lower than the added value. This 
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is because DMF molecules have the ability to complex water 
and therefore decrease its activity. Further, very 
accurate values for the rate constant for protonation of 
anthracene were not available. The value of 1.0e9/M s 
used in this study was an estimated figure. Therefore an 
error range of about half an order of magnitude is to be 
expected for the determined rate constants, which would 
occur on the high side from the discussion above. Even so, 
considering the approximate nature of the reactions, the 
experimentally determined values are good estimates 
considering what is known about the rate constants for ion 
pair formation and taking the other factors into account. 
The computed values for the rate constants, based on 
the distance of closest approach being the sum of the radius 
of the anthracene molecule and the ionic radius of the 
cation, shows that the An=:Li+ system should be about 10 


times faster than the An=:Nat+ system. However, experimentally, 
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An=:Li+ was found to be 100 times faster. For contact ion 


pair formation, the solvent sheath has first to be removed. 


The solvation of Lit cation by DMF molecules is much stronger 


than that of Nat. The fact that the formation of An=:Li+ ion 


pair being 100 times faster than the An=:Na+ ion pair does 
not reflect the differences in solvation. The possible 
explanation is that the initial An:M+ reaction involves a 
solvent separated ion pair which on formation expels the 
solvent molecules to give the contact ion pair which is the 
thermodynamically favored species. 

Since no data for the rate constant for the protona- 
tion of Fa= is available, the rate constant for Fa:Lit+ 
reaction cannot be calculated. Polarographic data point 
to the fact that Fa= is less basic than An= since the Eh 
value for the Fa= wave is positive to that of the An= wave 
by 170 mV. Therefore, it is expected that protonation of 


Fa= is slower. The higher value of 2.8e3 obtained 
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for kl1/k2 for this system as compared to 1.0e3 for 
for the An,Li+ system is likely due, in major part, to 
this lower basicity. 

Figures 45-47 also show the plots of the computed 
values of the y parameter in equation (4.4). In order to 
obtain these computed values, the experimental slopes 
which corresponded to (k1/k2)LH50] are substituted into 


equation (4.4). This equation is then transformed into 


ycalc = ([M+] -a) (4.9) 
slope + (LM+] -a) 


where the constant a refers to the concentration of M+ 
corresponding to the induction region. As can be seen 

from the figures, the agreement at low M+ concentrations 

is good but at higher M+ concentrations the computed values 
are lower than the experimental values. However, since 


the other constants are derived from data at the low 
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concentration end, these deviations are not of too much 
concern. 

As a further check of the model, experiments were 
also carried out for the An:Li+ and An:Nat+ systems 
employing heavy water instead of water. The same concen- 
trations of D)>0 as Ho0 were used and the results were 
treated similarly. Table 3 shows that the ratios of 
k1/k2 for the An:Li+ and An:Na+ systems are 9.0e4 and 
80 respectively. Since the rate constants for 
association of the dianion and cations are independent of 
whether H50 or Do0 are used and therefore should remain 
unchanged, the values of k2 are calculated to be 1.1e9/ 
Ms for the An:Li+ system and 1.0e9 for the An:Na+ system. 
These values are essentially the same as the assumed value 
of 1.0e9 /M s for the protonation of An=. Therefore, it is 
concluded that the protonation of An= does not show any 


kinetic isotope effect. Rainis and Szwarc(231) have observed, 
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that due to the high basicity of An=, the transition 
State of its protonation resembles the final state and 
therefore significant kinetic isotope effect is not 


expected. The present results support this observation. 


Chapter 5 Electrochemical Studies of Tetracyanoethylene (TCNE) 
and 7,7,8,8-Tetracyanoquinodimethane (TCNQ). 
The Effect of Countercations. 


Sor Plicroduce on 

As already mentioned in Chapter 1, there has been great 
interest in TCNE and TCNQ since their discovery. These 
substances have exceptional properties. In particular, 
intense interest is generated in the organic conducting 
salts and high conducting charge-transfer complexes formed 
by those compounds (153,155). 

The presence of the four electron-withdrawing cyano 
groups means that the olefinic and quinoid functionalities 
of TCNE and TCNQ respectively are electron deficient. The 
ease with which these molecules are reduced is quite 
remarkable. For example, they have been reported to 
undergo a one-electron transfer to form the anion radicals 
by metals (124,152), by UV light irradiation (133), by 


CN- ion (124) and even by certain basic solvents such as 
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dimethylsulfoxide and dimethylformamide. Formation of 
anion radicals in these solvents appears to be faster in 
the presence of light (135-137). The anion radicals are 
Stable in solution in the absence of oxygen and water 
(124,163). 

Relatively few electrochemical studies have been made. 
The determination of fundamental electrochemical parameters 
such as the reduction potentials and standard rate con- 
Stants are useful for testing of theories and in many 
applications. For example, electrode potentials can be 
correlated to molecular orbital energies and electron affi- 
nities. The conducting salts and complexes formed by TCNE 
and TCNQ have been employed in batteries (235), photocells 
(236), electrochromic systems (237) and potentiometric ion 
selective sensors (238). Knowledge of electrochemical 
parameters in general is necessary for better understanding 


of these systems. 
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In general, the reduction of TCNE and TCNQ to their 
anion radicals has been found to be electrochemically 
reversible. Peover (128,129) found this to be so polaro- 
graphically in dimethylformamide, acetonitrile, chloroform, 
and methylene chloride. He also found this to be so for 
the reduction of TCNE~ to TCNE= in methylene chloride and 
TCNQ~ to TCNQ= in chloroform and methylene chloride. The 
Supporting electrolyte used was tetra-n-butyl ammonium 
perchlorate. Sharp studied the first reduction of TCNE 
and TCNQ at different electrodes and in different solvents 
(148,149). In acetonitrile, the standard rate constants 
for TCNE were found to be 0.159 cm/s at platinum, 0.390 
cm/s at gold and 0.0019 cm/s at graphite. For TCNQ, the 
values were 0.260, 0.208 and 0.0035 for platinum, gold 
and graphite respectively. Rate constants were also 
determined in dimethylformamide, dimethylsulfoxide and 


propylene carbonate at platinum and gold electrodes. 
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Diffusion coefficients for TCNE were found to be 1.91e-5 
and 2.8e-6 cm/s in acetonitrile and propylene carbon- 
ate respectively. In the case of TCNQ these values were 
1.45e-5 cm/s in acetonitrile, 6.7e-6 cm/s in 

dimethyl formamide, 2.7e-6 cm/s in dimethylsulfoxide and 
2.Se-6 cm/s in propylene carbonate. 

Although these studies invariably found the first 
reduction to be reversible, there seems to be some 
inconsistency in the reduction of TCNE~ to TCNE=. For 
example, Mulvaney et al (239) reported this reduction to 
be reversible at 100 mV/s scan rate, using lithium 
perchlorate as supporting electrolyte in acetonitrile at 
a platinum electrode. Sharp noted that this wave was 
irreversible in acetonitrile at a graphite electrode using 
lithium perchlorate as supporting electrolyte under similar 
conditions (148). Jeanmaire et al (138) found this wave to 


be quasireversible in acetonitrile using a platinum elec- 
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trode. However, the supporting electrolyte used was tetra- 
n-butylammonium perchorate. They proposed a change in 
geometry in going from a planar TCNE~ to a nonplanar 

TCNE= as a possible explanation. Pons et al (139) reported 
Similar results using a platinum electrode in acetonitrile 
with tetra-n-butylammonium tetrafluoroborate as supporting 
electrolyte. According to them this behavior could be due 
to one of several causes such as complexation of the anion 
radical by the electrolyte, distortion of the TCNE~ or 
adsorption of electrolysis products. FTIR spectroelectro- 
chemistry confirmed the existence of adsorption. 

The causes of the discrepancies could be the result of 
electrode material or supporting electrolyte. To date, no 
study of the countercation effect has been undertaken. 

In Chapter 3, the electrochemical behavior of aromatic 
hydrocarbons has been found to be dependent on the counter- 


cations used. It should be interesting to examine these 
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effects on a different class of compounds. The presence 
of the four cyano groups in TCNE and TCNQ imparts high 
electron affinity to these molecules and also higher 
stability to the negative ions as compared to the hydro- 
carbons. Therefore, the dianions are not as reactive as 
their aromatic hydrocarbons counterparts. As a result, 
they are reduced at more positive potentials which means 
that the use of solid electrodes does not present any 
problems. 

This chapter describes the use of cyclic voltammetry 
and chronoamperometry to study the reduction of TCNE and 
TCNQ to their anion radicals and dianions at glassy carbon 
and platinum electrodes. The effect of different counter- 
cations is also studied. The species formed during 
electrolysis are identified using modulated specular 


reflectance spectroscopy. 
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5.2 Experimental 


5.2.1 Instrumentation 


The modulated specular reflectance (MSRS) tech- 


nique was described in Chapter 1. A schematic 


diagram of the instrumentation is given in Figure 48. 


The lamp source was a 200 watt Hg-Xe arc lamp. Light 


from the source passed through a GCA MacPherson 201 


monochromator. The light reflected from the electrode 


was detected by means of a RCA 31000M photomultiplier 


(PMT). The signal from the PMT was taken through a 


Kronheit filter operated in the band pass mode to pass the 


modulation frequency of interest. The output was taken 


into the lock-in-amplifier (LIA, Bentham 223). The output 


from the LIA, after going through a current-to-voltage 


conversion and amplification stage, yielded the spectrum 


of interest. 
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Figure 48. Instrumentation for MSRS. 
PULLS I: Potentiostat 
PSD: Phase Sensitive Detector 
SIG AVG: Signal Averager 
PMT SUP:  Photomultiplier Supply 
OSC TRIG: Oscillator Trigger 
SIG GEN: Signal Generator 
REC: Recorder 
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The working electrode was a 7 mm diameter polished 
platinum button attached to the end of a brass rod which 
had been forced into a heated 9 mm (o.d.) Kel-F tube 
which shrunk on cooling to give a tight seal. The poten- 
tial of this electrode was controlled by a HiTek DT 2101 
potentiostat. Potential waveform pulses were supplied by 
a HiTek PPR1 waveform generator which was triggered by 
Square wave pulses from a Global Associates function 
generator at the required frequency (40Hz). Normalized 
reflectance-time transients were signal averaged by a signal 
averager. The cell arrangement used for the MSRS experiment 
is shown in Figure 49. The quartz windows through which light 
passed in and out of the cell were positioned at 45 degrees 
each to the axis along the length of the electrode. 

The electrochemical cell used in cyclic voltammetric 
and chronoamperometric experiments is shown in Figure 50. 


Two materials for the working electrodes were used. The 
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Figure 50. Cell configuration for the voltammetric and 
Cchronoamperometric experiments. 
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platinum working electrode consisted of a platinum wire 
sealed into glass and connected to the external circuit by 
a copper lead soldered to the platinum wire. The carbon 
electrode was made from a piece of glassy carbon rod (3 mm 
diameter, Tokai) sealed into a glass tubing with epoxy. 
The end of the carbon rod which was leveled with the end 
of the glass tubing was polished to a mirror finish with 
alumina on a polishing cloth. The result was a circular 
planar glassy carbon electrode. Mercury was then put 

into the glass tubing to contact the carbon rod. A piece 
of copper wire was then dipped into the mercury and the 
external contact was made to this copper wire. The 
potentiostat used to control the potential of the working 
electrode with respect to the reference electrode and the 


waveform generator were the same instruments as those used 


for the MSRS experiment. The potential ramp for the cyclic 


voltammetric experiments and the potential steps for the 
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chronoamperometric experiments were introduced into the 
adder input of the potentiostat. The reference electrode 
(Ag/Ag+) was the same as that used for the polarographic 
experiments (see Figure 3). The reference solution was 
0.01 M AgNO3, 0.1 M in the supporting electrolyte in the 
same solvent as that for the experiments. Recording of 
experimental curves was made with a Linseis LX1000 recorder 
which could be operated either in the x-y (voltage-current) 


or y-t (current-time) mode. 


5.2.2 Purification of Chemicals 

Purification of lithium and sodium perchlorates, 
tetra-n-butylammonium tetrafluoroborate and acetonitrile 
has been described previously (see Chapter 3). Tetra-n- 
ethyl perchlorate (TEAP) (Eastman, reagent grade) was 
recrystallized twice from triply distilled water. It was 


dried in vaccuo at 70°C. Commercial reagent grade TCNE 
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and TCNQ were obtained from Eastman. The TCNE was 
recrystallized twice from chlorobenzene (148) and TCNQ 
recrystallized twice from acetonitrile (240). The dried 
crystals of TCNE melted at 200-201°C while those of 

TCNQ melted at 294-295°C. These values agreed with those 


reported in the literature (148). 


5$z2 soe Procedure 

From Figure 50, it can be seen that the cell used 
for cyclic voltammetric and chronoamperometric experiments 
consisted of two separated parts. The part which included 
the Luggin probe was filled with the background solution 
j.e. the solvent containing 0.10 M of the supporting 
electrolyte. The other compartment contained a solution 
of the electroactive species of interest. Concentrations 
of electroactive species used were in the millimolar range. 


In all cases, experiments were performed at room tempera- 
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ture. This temperature was found to be (23.0 + 0.5)°C 
throughout the period in which these experiments were 
performed. Deaeration of solutions was carried out by 
bubbling purified nitrogen through the cell. 

The Luggin probe was placed as close as possible to 
the working electrode to reduce iR loss. Further, positive 
feedback was employed for the same purpose. It was 
estimated that the iR loss under these circumstances was 
not more than the error in reading potentials from the 
recorded voltammograms (+ 5 mV). In all cyclic voltam- 
metric experiments, the scan rate used was not more than 
800 mV/s. For the chronoamperometric experiments, a 


pulse time of 2 Ss was used. 


5ssecResubts 
It is common practice in electrochemistry to use 


"olectrochemical area" rather than the "geometrical area" 


Hh 


or efataseq 24-caofs e6¢ begsly usa ‘edera a 


ae) Sezog .wetinu? seeol Me aduber of eborioNte gitar srt . a 
Pe 

vow D1 .w20qtug ater aff co) beyotqne can xoedboo? - 7 

the veRIRTeewrTty eTONT Yehay Feo! Tt ote eds he temtzzo | : : 

ots GAT Ain iinetog yethesy oF carta adg Madd atom Jon - 7 

ition sis tik (ee 22) 2unveonsiss tov babvooe 7 - 

ney sete ter ie tay soe wae” o yemnenitroges Fae a 


236 


of electrodes. This is because electrodes are not perfect- 
ly smooth and therefore the actual area is always larger 
than the geometrical area. One frequently used method in 
determining electrochemical areas is by utilizing the 


Cottrell equation (equation 2.12) which is given by 


If a compound exhibiting well-behaved electrochemistry 
and whose diffusion coefficient is known accurately is 
used, then all the variables in the Cottrell equation can 
either be measured or are known and therefore the area A 
can be calculated. One such compound is anthracene. In 
acetonitrile, the first reduction to the anion radical 
shows a reversible one-electron wave. The diffusion 
coefficient in acetonitrile (0.10 M TEAP)) at 25°C has 


been found to be 2.55e-5 cm2/s (241). Here the 
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concentration of anthracene used was 0.943 mM in acetoni- 
trile (0.10 M TEAP). Figure 51 shows the cyclic voltam- 
mogram for the first reduction of anthracene at a glassy 
carbon electrode. From this cyclic voltammogram a poten- 
tial of -2.500 V was chosen for the potential step so that 
reduction is in the diffusion-controlled limit. The 
chronoamperograms for the anthracene solution, as well as 
for the background solution are also shown in Figure 51. 
al, 
From these, the value of (it)* can be calculated with 
correction for background current. Since the literature 
value for the diffusion coefficients of anthracene was 
quoted at 25°C and the experiment was conducted at 23°C, a 
simple correction for this temperature difference can be 


made by making use of the Stokes-Einstein equation. 


Deak /onner (5.1) 
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Cyclic voltammogram showing the reduction 

of anthracene (0.943 mM in ACN, 0.1 M TEAP) 
to its anion radical at platinum electrode. 
100 mV/s Peak reduction current is 38 uA. 
Chronoamperograms for (i) 0.943 mM anthra- 
cene in ACN (0.1 M TEAP) (ii) ACN background 
COCLSM TEAR). 
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where n" = viscosity and r = radius of the molecule and 
the other symbols have their usual meaning. Assuming that 


the radius is independent of temperature, then 


D1/D2c=mti ne2)/ (i2nel) (Sez) 


where n" (25°C) is 3.44 millipoise and n" (23°C) is 3.495 


millipoise (242). Therefore 


2.55/D2 = [298(3.495) ]/[296(3.44) ] 


ance 1S 2s45uem-/ Ss atuco-c. 
From the results of four different experiments, the 
area of the glassy carbon electrode was found to be 0.095 


0.005 cm2 and that of the platinum electrode was 0.229 


I+ 


0.016 cm. 


I+ 


Cyclic voltammograms of 1.00 mM solutions of TCNE 
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using different supporting electrolytes were obtained at 
Sweep rates ranging from 25 mV/s to 600 mV/s at 

platinum and glassy carbon electrodes. Figure 52 shows 
some representative cyclic voltammograms. The relevant 
cyclic voltammetric parameters for the first reduction 


wave at a scan rate of 100 mV/s are given in Table 4. 


Table 4 Peak Potentials for the First Reduction of 
TCNE (1.00 mM) at 100 mV/s 


Glassy Carbon Electrode Platinum Electrode 


Supportinge h(i p.c) —SE( psa) dele(p)) El pic) “E(pya)m celelo) 
Electrolyte (-V) (-V) mV (-V) (-V) mV 
TBAF 209) 0.020 ra 0.110 0.038 Te 
TEAP 0.102 0.040 Se, Sah) 0.042 63 
NaC104 0.102 0.041 61 0.110 0.042 68 
Lic104 0.114 0.052 62 0.108 0.045 63 


In all cases, delE(p) values did not change significantly 


from the above values with variation of sweep rates 
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TEAP LiC!04 
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Cyclic voltammograms showing the first and 
second reduction of TCNE (1.00 mM in ACN, 

0.1 M supporting electrolyte) at glassy carbon 
with different supporting electrolytes at 


100 mV/s. 


FIrgUure 52. 
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ranging from 25 mV/sec to 600 mV/sec. 


Values for the ratio of the anodic peak current to 


the cathodic peak current i(pa)/i(pc) for the first wave were 


obtained by recording cyclic voltammograms in the 


Current-time (y-t) mode. For all sweep rates and support- 


ing electrolytes, the observed values were very close to 


1.00 (for example see Figure 53). For the planar glassy 


carbon electrode, the ratio of peak cathodic current to 


IR 


Square root of the sweep rate i(pc)/v~ was constant for 
all sweep rates studied and had approximately the same 
values for the different electrolytes. They were 112, 
Tits. 108 ana 110 FAW ee TBAF, TEAP, NaC104 and 


LiC104 respectively. However, for the platinum wire 


dh 


electrode, i(pc)/(v)~ values appeared to be larger at 
slower sweep rates. Figure 53 shows a_ plot of 


aL 
i(pce)/(v)* for TBAF at glassy carbon and platinum wire 


electrodes. 
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eS Lage Pt (WIRE) 


ip/v'!? (uafiysy!2 


CARBON (PLANAR) 


Figure 53. A. Plots of i(pc)/v= versus v 2 for the first 
reduction wave of TCNE (1.00 mM in ACN, 
0.1 M TBAF) at glassy carbon and platinum 
electrodes. 

B. Cyclic voltammogram of TCNE (1.00 mM in ACN, 

0.1 M TBAF) at platinum electrode recorded 
in y-t mode. 
Scan +025°V to =1210 Vat 25 mV) Ss. 
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Diffusion coefficients for TCNE, as determined by 
chronoamperometry, were found to be independent of the 
countercations used. The observed value was (2.20 + 
0.05)e-5 cm“/s. For a reversible wave, the 


peak current from the cyclic voltammograms and the 


alk 


it~ values for the chronoamperometric experiment 
can be combined to give the value for the number of 
electrons transferred. From the Randles-Sevcik equation 


equation (2.16) 


ai 
ia) 


ip = 2.69e5 (n)’~ A (D(0)v)= C(O) 


and the Cottrell equation (2.12) 


al 


aL 
it = nFA (D(0))© C(O) 
we obtain 


al, 
a 


al al, 
ip/it= “=(2.69e5 n® y v2 )/ F 
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ie Se 2 ee anes ple 
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Thus n= (1p) by Cait 


where n is the number of electrons transferred. This 


method of obtaining n is known as Malachesky's method (120). 


It is very convenient since no prior knowledge of the 


electrode area is required and the concentration of the 


solution need not be known as long as it is the same for 


both techniques. One drawback is that it can only be 


applied to a reversible electrode reaction with no chemical 


complications. Malachesky's method was applied to study 


the number of electrons transferred for the first reduc- 


tion of TCNE. For both electrodes and all supporting 


electrodes used, values of n ranging from 0.9 to 1.0 were 


obtained. 


It is observed in Figure 52 that the second 


reduction wave for TCNE in acetonitrile shows remarkable 
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differences with different countercations. Similar 
behavior was also observed at a platinum electrode. The 
cyclic voltammetric parameters for this wave at 100 mV/s 


Scan rate are given in Table 5. 


Table 5 Peak Potentials for Second Reduction Wave 
of TCNE (1.00 mM) at 100 mV/s 


Glassy Carbon Platinum Wire 


Supporting E(p,c) E(p,a) delE(p) BUD.C)) El Dsa) peelECD] 
Electrolyte (-V) (-V) ) (-V) mV 


TBAF P2290 02890 400 1.625 1.100 DLO 
TEAP P.092° “0.986 94 1.264 0.967 297 
NaC104 2260. 02909 72 0.980 0.907 io 
LiC104 0.840 0.753 87 0.833 0.756 re 


For the countercations TBAt+ and TEA+, delE(p) values 
increased with increasing sweep rates. This increase was 
greater at platinum than at carbon and greater for TBA+ 


than for TEAt. For Nat and Lit, delE(p) values did not 
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change very much with variation in Sweep rates. With both 
NaC104 and LiC104 supporting electrolytes i(pa)/i(pc) values 
for the second wave were close to 1.0 at a platinum 
electrode. For NaCl04, at a carbon electrode, the same 
result was also obtained. However, LiC104 supporting 
electrolyte at a carbon electrode gave values of i(pa)/i(pc) 
which were significantly greater than 1.0. These values 


are given in Table 6 for different sweep rates. 


Table 6. Variation of i(pa)/i(pc) for Second Reduction of 
TCNE (1.00 mM) with LiC104 Supporting Electrolyte 
at a Glassy Carbon Electrode 


V i(pa)/i(pc) 
mV/s 
50 be29 
100 1.39 
200 4 
300 152 


The second reduction wave also gave approximately constant 
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values for i(pc)/(v)* at different sweep rates with Nat 
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and Li+ countercations. However, these values were 10-15% 
lower compared to those for the first wave. In the cases 
of TBAF and TEAP supporting electrolytes, this was also 
true. Further, in all cases, chronoamperometry showed 
that the total number of electrons transferred for the 
sum of the first and second reduction waves were close to 
2.0 (the values obtained ranged from 1.7 to 1.9). 

It has been described in Chapter 2 that variation of 
delE(p) values with sweep rates can be used to determine 


heterogeneous rate constants for quasireversible electrode 


reactions. For this to be applicable, delE(p) values should 


be less than about 210 mV. For this reason, heterogeneous 
rate constants with TBAF as supporting electrolyte at a 

platinum electrode could not be determined by this method. 
Equation (2.26) in Chapter 2 shows that the heterogeneous 


rate constant is related to a certain parameter A by 
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dh 


a = ((D(0)/D(R)) ® ks)/(D(0)nv(nF/RT)) 


The values of A for different delE(p) values have been 
theoretically calculated (54). These values are plotted 
im higure (54). 

Assuming that D(0) ~*~ D(R) at 23°C 

a = ks/[(2.20e-5) (n) v (39.206)]2 (5.5) 


al, 
2 


ks = 0.05505 a (v) Gee sy) 
The calculated values for the apparent heterogeneous rate 


constants for the second reduction of TCNE are given in 


Tables 7-9. 


Table 7. Apparent Heterogeneous Rate Constants for TCNE 
(1.00 mM in ACN) Second Reduction at a Glassy 
Carbon Electrode with TBAF Supporting Electrolyte 


V delE(p) A ks 
mV/s mV cm/s 
10 132 0.28 1.5e-3 
eS, 168 0.20 1.3e-3 
20 nya! 0.19 1.5e-3 
Ze Py, Oma: 1.6e-3 
sete) 205 0.13 1.3e-3 


average (1.4+0.1)e-3 cm/s 
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Figure 54. 
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Plot of A function versus delE(p) 
Assume a = 0.5 
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Table 8. Apparent Heterogeneous Rate Constants for TCNE 
(1.00 mM in ACN) Second Reduction at a Glassy 
Carbon Electrode with TEAP Supporting Electrolyte 


V delE(p) A ks 

mV/s mV cm/s 
50 84 0.98 1.2e-2 
100 94 Oe7A 1.2e-2 
200 al O.41 1.0e-2 
400 I22 0.34 1.2e-2 


average (1.1+0.1)e-2 cm/s 


Table 9. Apparent Heterogeneous Rate Constants for TCNE 
(1.00 mM in ACN) Second Reduction at a Platinum 
Electrode with TEAP Supporting Electrolyte 


V delE(p) A ks 
mV/s mV cm/s 
15 138 O27 1.8e-3 
20 144 O25 1.9e-3 
25 154 0.22 1.9e-3 
30 184 ‘eal! 1.6e-3 


average (1.8+0.1)e-3 cm/s 


At a platinum electrode, the second reduction wave 


of TCNE with TBAF as supporting electrolyte showed a slow 


electron transfer. The method used for determination of 
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rate constant for quasi-reversible reactions could not be 
applied in this case since delE(p) values were too large 
at all sweep rates studied. Matsuda and Ayabe (180) and 
Nicholson (194) have shown that, for the case of 


irreversible charge transfer, 


i(p) = 0.227 nF ks C(O) exp[(-anF/RT)(E(p)-E(0)] Cee 


where all the terms have their usual meaning. 

However, values of E(0) are not always available and 
Reinmuth (244) has derived a useful relationship where the 
current at the foot of the reduction wave (i<10% i(p)) is 


given by 


i = nFAC(O) ks expL(-anF/RT)(E-E(i))] (5.8) 


where E(i) is the initial potential. This equation has 
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provided the basis for determination of rate constants 
for irreversible electrode reactions where E(0)is unknown 
(62). 


From equation (5.8) 


log i = log(nFA C(0) ks) - 0.4343(-anF/RT)(E-E(i)) (5.9) 


where 1 1S in uA and C(O) in mM. At 23°C 


Og 1 = 94734" tog ks 2717-02 «) (E-E)) (S340) 


Therefore, if log i was plotted against E-E(i), the 


slope would yield a. Once a is known, the value of ks can 


be calculated from equation (5.10) which on rearranging gives 


log ks = log i + 17.02a(E-E(i)) - 4.34. (5.049) 


This was done for the reduction of TCNE anion radical to 
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the dianion at a platinum electrode with TBAF as Supporting 
electrolyte. The results are plotted in Figure 57. From 
the slope of the straight line plot, a was found to be 0.8. 
This value was substituted into equation (5.11) and ks 


calculated (Table 10). 


Table 10. Apparent Heterogeneous Rate Constants for the 
Reduction of TCNE: to TCNE= at a Platinum 
Electrode. Concentration of TCNE is 1.00 mM 
in ACN (0.10 M TBAF). 


E-E(i) log i log ks kj 
(Volts) cm/s 
-0.06 0275 -4.4) 3.9e-5 
-0.05 0.62 -4.40 4.0e-5 
-0.04 0.45 -4.43 3.7e-5 
-0.03 0.29 -4,46 3.5e-5 


The value of 0.8 for a obtained from Figure 57 is in close 
agreement with that obtained by another method. For an 
irreversible electrode reaction, peak potentials and half- 


peak potentials depend on the sweep rate. For two different 
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Figure 57. Plot of log 7 versus E-Ei for the reduction 
of TCNE anion radical at platinum. 
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Sweep rates, a 1S related to the peak potential E(p), half- 
peak potentials E(p/2) and the sweep rates v by (62) 
(E(p/2))2 -(E(p/2))1 = (E(p))2 - (E(p))1 
2k 
= Rin i (Vly ven ee (5e42} 


Since irreversible voltammetric waves are rather broad, 
the measurement of peak potentials are less accurate than half- 


peak potentials, and therefore E(p/2) will be used. 


(E(p/2))2-(E(p/2))1 = (0.02551/a) In (vl/v2) (5.13) 


The results are shown in Table ll. 


Table 11. Determination of a for TCNE~ Reduction at a 
Platinum Electrode using Equation (5.13). 
Concentration of TCNE is 1.00 mM ACN (0.10 M TBAF) 


V E(p/2) a 
mV/sec (Volts) 
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Figure 55 shows some representative cyclic voltammograms for 


1.00 mM TCNQ in acetonitrile at a glassy carbon electrode at 


100 mV/sec. Peak potentials for the first and second reduction 


waves are given in Tables 12 and 13 respectively. 


Table 12. Peak Potentials for the First Reduction of 
TCNQ (1.00 mM in acetonitrile) at 100 mV/sec 


Scan Rate 
Glassy Carbon Platinum 
SUPPOre INGE pse) NEC psa) dele(p) sE( psc) SE psa) aceletp) 
Electrolyte (-V) (-V) mV (-V) (-V) mV 
TBAF Ordo 0.072 68 0.140" 02077 63 
NaC104 0.146 0.080 66 On145. 0.076 67 
Lic104 0.146, 0.082 64 0.140" 0.072 68 


Table 13. Peak Potentials for the Second Reduction of 
TCNQ (1.00 mM in acetonitrile) at 100 mV/sec 


Scan Rate 

Glassy Carbon Platinum 
Supporting E(p,c) E(p,a) delE(p) E(p,c) E(p,a) delE(p) 
Electrolyte (-V) (-V) mV (-V) (-V) mV 
TBAF 0.691 Oyon7 64 0.695 0.628 70 
NaC104 0.659 0,597 62 0.660 0.592 68 


LiC104 Oyo lemeos so 61 0.553. 02498 60 
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Figure 55. Cyclic voltammograms for reduction of TCNQ (1.00 
mM in ACN, 0.1 M supporting electrolyte) at 
glassy carbon with diferent supporting electrolytes. 


Considering the first reduction wave of TCNQ in aceto- 
nitrile, delE(p) values remained close to the theoretical 
reversible value of 59 mV at sweep rates from 25 to 
900 mV/s in all cases. The ratio i(pa)/i(pc) was found to 
be 1.00 for all systems. Figure 56 shows a typical 
y-t recording for the forward and reverse waves. Diffu- 
Sion coefficients determined from chronoamperometry did 
not show any dependence on the supporting electrolyte 
used. The value obtained was (2.00 + 0.06)e-5 cm/s. 

The current constant i(p)/v2 was approximately 
constant with sweep rate variation and has an average 


al, 
2 


value of 100 uA/(V/s) for the glassy carbon 

and 244 for the platinum wire electrode. Malachesky's 
method revealed that the number of electrons transferred 
in the first wave was 1.0. 


Similar results were obtained for the second wave. 


As can be seen from Table 11, delE(p) values were close to 
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Figure 56. Cyclic voltammogram for reduction of TCNQ 
(1.00 mM in ACN, 0.1 M TBAF) at platinum 
electrode recorded in the y-t mode. 

Scan trom 140.50: V¥ to =1.00 V at 25 mV/s. 
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the reversible value in all cases. i(pa)/i(pc) gave a value 
of 1.00 (see Figure 56) and i(pc)/v3 did not vary 

much with sweep rate. The average value obtained at the 
carbon electrode was 92 and at the platinum electrode 


ak 
2 


229 uA/(V/s) Chronoamperometry showed that the total 
number of electrons transferred for the first and second 
waves was 2.0. 

The results from Tables 4 and 12 showed that the peak 
potentials for the first reduction wave of TCNE and TCNQ 
did not change significantly, with different electrode 
materials or countercations. In contrast, the peak 
potentials of the second reduction wave changed with 
countercations (Tables 5 and 13). Further, in the case of 
TCNE with TBA+ and TEA+, the peak potentials were more 
negative at platinum compared to carbon. For Na+ and Li+ 


this did not occur. However, with TCNQ there were no 


differences in peak potentials with different electrode 
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material. E(p) values for the second reduction wave of 
both TCNE and TCNQ were found to shift to more positive 
values according to the order TBA+ < TEA+ < Nat < Lit. 
Plots of Eh for the second reduction wave of TCNE and TCNQ 
at a carbon electrode vs ionic radii of countercations are 
Shown in Figure 58. For TCNE, Eh values with TBA+ were 
not obtainable due to irreversibility of the reduction but 
for TEA+ the reduction at slow sweep rates (10 mV/sec) 
was sufficiently close to reversibility (delE(p) 71 mV) for 
the Eh value to be known. It can be seen from Figure 58 
that for TCNE, positive shift of Eh in going from TEA+ to 
Na+ countercations was 49 mV and from Na+ to Lit was 7/7 mV. 
For TCNQ, where TEAt+ was not studied, positive shift of 30 mV 
occurred from TBA+ to Na+ and 80 mV from Na+ to Lit. 

It is well known that the presence of ion pairing of 
electrolytically formed negative ions with countercations 


causes positive shifts in the Eh values, the magnitude of 
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Figure 58. 


@ TCNE 


OV EGNG 


Plot of half-wave potential (Eh) versus 
ionic radii of countercations for TCNE and 
TCNQ second reduction wave at platinum and 
glassy carbon. 
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this shift depending on the strength of ion pairing and 

the concentration of countercations, where the concentra- 
tion of the electroactive species is kept constant (209- 
212). Therefore it was decided to study the shifts in Eh 
as a function of concentration of countercations. The 
requirements for such a study are that the reduction wave 
must be electrochemically reversible and the species 

formed stable. Further, the ionic strength should be kept 
constant preferably with the supporting electrolyte whose 
countercation cation is assumed not to ion pair with the 
species of interest. In the case of TCNE, it was found that 
such a study could not be made since the dianion wave was 
irreversible with TBAF as supporting electrolyte. Further, 
it was observed that the reductions with mixtures of 
supporting electrolytes TBAF-LiC104, TEACI04-LiC104 gave 
waves which exhibited adsorption characteristics at both 


electrolytes (Figure58A). As can be seen from this figure, 
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the reduction wave of TCNE was not affected with different 
mixtures of supporting electrolytes and electrode materials. 
The various criteria for electrochemical reversibility as 
discussed earlier are still applicable. However, for mixed 
electrolytes, TCNE— reduction shows waves characteristic of 
adsorption effects. For example, with 0.095 M TBAF and 
0.005 M LiC104 at a platinum electrode, the reverse wave is 
very sharp and does not show 2 decay for diffusion 

control. For 0.05 M TEAP and 0.05 M LiC104 at platinum, the 
forward wave rose sharply and the reverse wave was not 
observed. Instead, a very strong sharp current transient 
was observed just prior to the reverse wave for the first 
reduction. In the case of 0.05 M TBAF and 0.05 M LiC104 at 
carbon, a prepeak was observed for the forward wave and the 
reverse wave waS again quite sharp. For TCNQ, no 

such problems arose. It was assumed that the TCNQ dianion 


did not form any ion pair with TBA+ and therefore the 
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ionic strength was kept constant at 0.10 M with appropriate 


additions of TBAF. 


This assumption was verified by 


reducing TCNQ at different concentrations of TBAF. 


results are shown in Table 14. 


The 


Table 14. Peak Potentials for TCNQ Reduction (0.50 mM in 
ACN) as a Function of TBAF Concentration. 
Rate 25 mV/s 


LTBAF ] 
M 


O02 
0.04 
0.06 


0.08 


The calculated shifts in Eh with respect to the Eh in 


-0.151 


-0.146 


-0.142 


-0.140 


-0.086 


-0.082 


-0.078 


-0.075 


delE(p)1 
mV 


62 


65 


64 


64 


65 


0.10 M TBAF are given below. 


-0.710 


-0.703 


-0.698 


-0.694 


-0.639 


-0.634 


-0.629 


Scan 


delE(p)2 
mV 


63 


63 
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64 
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Table 15. Half Wave Potential Shifts and Calculated Junction 
Potentials for TCNQ Reductions as a Function of 


L TBAF ] 
M 


0.02 
0.04 
0.06 


0.08 


TBAF Concentration. 


Rate 25 mV/s 


delEh(1) 


14 


ie 


delEh(2) 


24 


16 


0.05 mM TCNQ in ACN. 


it 


Scan 


However, since the reference electrode used was Ag/AgNO03 


(0.01M), 0.10 M TBAF in acetonitrile, junction potentials 


are expected to exist at concentrations of TBAF other than 


0.10) M- 


These junction potentials can be estimated by 


making use of the Henderson equation for a 1:1 electrolyte 


P(x)-P(y) 


= [(a(TBAt+) -\(BF4-))/(A(TBAt+) + A(BF4-)) ] 


In [(at(y))/(a 


(x))] 


(5.14) 
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where the junction is given by 


x M TBA BF4| y M TBA BF4- 


Since the activity coefficients for the various solutions 
were not Known, rational activity coefficients were 


calculated using the extended Debye-Huckel equation 


log ft = -A uz /(14B uz) (515) 


where f+ is the rational activity coefficient, u is the 

ce 7 5/2 pe z 

ionic strength, A=1.8246e6/(2T) 5 B=50.29e8/(2T) 2, 2 

being the dielectric constant. The relevant parameters for 
TBAt+ and BF4- in acetonitrile, taken from the data of Coetzee 


and Cunningham (245) are given in the table below. 
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Table 16. Conductance Data for Ions of TBAF in ACN. 


(0) Stokes radius 
cm” /Q2 equiv hy 
TBA+ 61.9 3.83 
BF4- 120.9 1.96 


In Equation (5.15) above, the ion size parameters were 


taken to be the sum of the Stokes radii for the 1:1 elec- 


trolyte TBAF. Also, since the equivalent conductances 


were not known, ionic conductances at infinite dilution 


were used in equation (5.14). This is not expected to 


give any serious errors since only the ratio of the 


conductances are involved. The calculated junction poten- 


tials are given in Table 15. A Similar approach to the 


calculation of junction potentials was used by Chauhan 


et al (246). Further, since the reference solution 


contained 0.10 M TBAF whereas the working electrode solu- 


tion contained NaC104 and LiC104 up to 0.10 M, junction 
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potentials may be present. However this was checked 
experimentally and found to be negligible (< 5 mV). 


For the reduction of TCNQ, the following mechanism 


applies: 
TCNQ. +e) =) TENG= (So) 
TCNQ=+ e =  TCNQ= oa) 


Nagaoka and Okazaki (247) have shown that in the case where 


ion pairing was present for both the anion radical and 


the dianion. 


TENQS + Me ase = TCNQ™ Me (hac) 


TCNQ* Mt + M+ 


TCNQ* M2+ 


TCNQ* M+(i-1) TCNQ ~ M+(7) 
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The shift in Eh for the first reduction wave is given by 


ke 2 : 
delEh(1) =(RT/F) In(1+ Cy Ky * Cure Ky 5 here Cut Ky 4) 
(5. 19) 
where the formation constant K, é is given by 
K, = LTCNQ* MoJ/LTCNQ*] = —M*]* (5.20) 


It is assumed that the concentration of the metal cation 


is in large excess compared to the concentration of TCNQ. 


Further, for the dianion 


TCNQ= + Mt =  TCNQ= M+ (5.21) 
TCNQ= M+ + M+ =  TCNQ= Mt. 
TCNQ= MH, 4 =  TCNQ= Me 
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and the shift in Eh 


2 ° 
Ince te Kemet le wks chante ees. 
delEh(2)=(RT/F)In Me Mi 2c a ag 
1 + Cyt Ky 4 + Cua Kyo + es 2 C+ Kye 

(5.22) 

where LTCNQ= My] 
Kot nee en ep 
~~ [TCNQ=IEM"] (5.23) 


Equation (5.19) predicts that a plot of delEh(1) vs log 
C+ Would give a slope of 59 mV and 118 mV at 235. Gat ON 
quantitative formation of TCNQ: M+ and TCNQ: M2+. However, 
the behavior of delEh(2) is more complicated. In the 
presence of only TCNQ* M+, (assuming that Cut Ky 4?) a 
slope of 0 and 59 mV is expected for quantitative formation of 
TCNQ=M+ and TCNQ=Mto, respectively. In the absence of 
any ion pairing between TCNQ*~ and M+ then equation (5.22) 
reduces to 


2 J 
delEh(2)=(RT/F)In(1+ Cyt Ko 4+ Cue Koo tert Case Ko 5 ) 
(5.23A) 
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which is of the same form as equation(5.19). Therefore a 
Similar behavior would be expected for quantitative forma- 
tion of TCNQ= M+ and TCNQ= M2+, i.e. plots of delEh(2) 
would give 59 and 118 mV respectively. 

The results obtained for TCNQ with Na+ and Li+ in 
ACN are shown in Figure 59. In all cases the concentra- 
tion of TCNQ was 0.50 mM and the ionic strength was 0.10 M 
The scan rate used was 25 mV/s. Both carbon and platinum 
electrodes gave the same results. As can be seen from 
Figure 59, both the plots of delEh vs log Cut for Na+ and 
Lit showed two linear sections. In the case of Nat the 
Slopes were 27 and 80 mV while for Li+, these were 52 
and 122 mV. It is clear from these results that two types 
of ion pairs are formed between TCNQ= and the counter- 
cations, namely those with stoichiometries 1:1 and 1:2. 
The formation constants for both these ion pairs are 


calculated from the data of Figure 59 by making use of 
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Figure 59. Plot of half-wave potential change 
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equation (5.23). It is assumed that at low concentrations, 
only the 1:1 ion pair is formed whereas at the high 
concentration end both the 1:1 and 1:2 ion pairs are 
formed. The results of these calculations are given in 


Teble 17. 


Table 17. Formation Constants of TCNQ Ion Pairs 


Counter- Stoichiometry Ko 4(M- ) Ko o(M ) 
cation ; ‘ 
TCNQ= Nat yee Sieeall -- 
LZ -- 394+47 
TCNQ= bir ei 176+14 -- 


ee -- (1.20+0.26) e4 
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As was mentioned in the introductory section of this 
chapter, spectroscopic techniques were used to monitor the 
Species formed during electrolysis. Figure 60 shows 
the UV absorption of a solution of TCNE and TCNQ in 
acetonitrile. Both TCNE and TCNQ did not absorb in the 
visible region in acetonitile. Further, the presence of 
0.10 M TBAF or LiC104 did not alter the spectra of fresh 
solutions of TCNE or TCNQ in any way. However, if the 
TCNE solutions were left standing for a few days the 
solution containing TBAF turned yellow and showed two 
additional absorption maxima at 3973 A and 4159 A which 
were much weaker than the UV absorption maxima at 2610 A 
and 2708 A. The solution containing LiC104 did not show 
much color change for the same period of time. The spectrum 
of a solution of TCNE in water has a broad absorption 


maximum at 2969 A and two weaker maxima at 3956 n and 


a2) A (Figure 60). 
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Figure 61 shows the MSRS spectra of TCNE and TCNQ 
in acetonitrile where the potential of the electrode was 
stepped to the diffusion controlled region of the first re- 
duction wave. Wavelengths were scanned from 8000 A to 2500 
© 
A. For TCNE, the spectrum shows a broad absorption with 
a series of fine structure bands. The center of the 
absorption, which also corresponded to X max was found 
to be 4333 A. This spectrum corresponded well with the 
Spectrum obtained for the anion radical of TCNE in 
acetonitrile by Jeanmaire et al (138). Their spectrum 
showed the same feature with A max occurring at 4350 A. 
In the case of TCNQ, two absorptions were obtained; 
a broad one in the wavelength range of 8000 to 6000 A 
consisting of several peaks and a narrow one with a single 
peak with A max 4426 A. For the broad absorption, max 
occurred at 7349 A. The features of this Spectrum agree 


with those obtained by Melby et al (152) for the anion 
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Figure 6l. 
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MSRS Spectra of anion radicals and dianions of 
TCNE and TCNQ in ACN (0.10 M TBAF). 
TENE (a) Formationvor TCNE= Potential +0240) to 
-0.40 V. 
(ii1)Formation of TCNE= Potential +0.40 to 
-2.20 V. 
TCNOQ(iii)Formation of TCNQ* Potential +0.40 to 
-0.30 V. 
(iv)Formation of TCNQ= Potential +0.40 to 
-0.80 V. 
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radical in acetonitrile. These workers obtained peaks at 420, 
842, 744, 760, 680 and 615 nanometers. No major differences 
were obtained for the spectra obtained here with different 
Supporting electrolytes. 

If the potential was stepped to the diffusion 
controlled region of the second wave, TCNE did not show any 
Significant absorption peaks in the wavelength region 
8000-2500 A. TCNQ solutions had a weak absorption peak 
with X max at 3007 A (see Figure 61). Suchanski and 
Van Duyne (163) observed the dianion absorption in aceto- 
nitrile at 3300 R. Again this absorption was found, in 
this study, to be independent of supporting electrolyte. 

It was shown in Chapter 2 that the normalized reflec- 
tance is related to the integral of the current with 


respect to time by equation (2.38) 


t 
_DelR/R = (4.606 2)/(nFA cos0) f i(t)dt 
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The integral is the total amount of the absorbing species 
produced and is equal to q/nFA where q is the total amount 
of charge passed for the time interval considered. The 

value of q is determined by integrating the Cottrell equa- 


tion with respect to time 


is t rt a 
i; ates f (nFA(D)© C)/(n t)© dt (5.24) 
0 0 
1 al 
= 2nFA(Dr)*C t® 
Substituting, 
al, At, 
-DelR/R = 4.606 2 [2nFA(Dn)= C t2 J (5.25) 
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Therefore, if the absorbing species at the wavelength of 
interest is stable on the time scale of the experiment, 
a plot of -DelR/R vs t2 Should give a straight line 
through the origin. 


However, if the absorbing species decay following 
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first order kinetics, it has been shown (198) that the 


first order homogeneous rate constant is given by 


, LAC 2) eee pay ae (5.26) 
— > Site e st 2 eer 
[A(t], at 
O 


where LA(t)]. is the absorbance which would be obtained 


O 
at time t if the absorbing species does not decay, 
LA(t)]y, the absorbance at time t where decay occurs with 
first order rate constant k. The denominator in the above 
equation represents the area under the actual absorbance- 
time profile for the time interval 0 to t- Since for the 
small values of DelR/R which are normally obtained (1.0e-3 
or less), the time-dependent absorbance is directly 
proportional to -DelR/R (see Chapter 2), then 


[-DelR/R] . - [-DelR/R] 
eee eee (5.27) 
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Figure 62 shows the normalized reflectance-time pro- 
files for 1.00 mM solutions of TCNE and TCNQ in acetoni- 
trile. For these profiles, plots of -DelR/R vs 2 show 
a straight line through the origin (Figure 63). Normalized 
reflectance time profiles were also obtained for TCNE and 
TCNQ in the presence of water (Figure 62). From these, 
-DelR/R were again plotted vs = » given in Figure 64. 
These plots now show a marked difference in that at longer 


times, -DelR/R values deviated, on the low side, from 


linear behavior. Calculated k values are given in Table 18. 


Table 18. Apparent First Order Rate Constants for Decay 
of TCNE and TCNQ Anion Radicals 


Compound A LH50 J k 4 
A /M /s 
TCNE 4250 c.05 Leb) 


TCNQ 6450 3.64 iz2) 
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Figure 62. 
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Normalized reflectance-time profiles for TCNE~ 
and TCNQ*, with and without water addition, in 
ACN (0.10 M TBAF). 
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Figure 63. Plot of normalized reflectance (-delR/R) versus 


Square root of time for 1.00 mM 
solutions of anion radicals of TCNE and TCNQ. 
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Plots of normalized reflectance versus square 
root of time for TCNE and TCNQ anion radical 
in ACN with water addition. Left hand scale 
for normalized reflectance refers to TCNE~ and 
right hand scale to TCNQ~ 
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5-4 Discussion 

The cyclic voltammetric results gave overwhelming 
evidence that the first reduction of TCNE and TCNQ in 
acetonitrile at glassy carbon and platinum electrodes 
corresponded to reversible behavior: the fact that 
delE(p) values were close to the theoretical value of 59 mV 
and did not vary with sweep rates supports this argument. 
Also, i(pa)/i(pc) values close to 1.0 imply that the product 
of the first reduction is a stable species on the time 
Scale of the experiments. Since the slowest sweep rate 
was 25 mV/s, the species were stable for at least 40 s. 
Previous investigations have established that these 
products were stable for a much longer time (138,157). In 
both cases, the first reduction waves involved one-electron 
transfers. Therefore, the product formed must be the anion 
radicals. Diffusion coefficients obtained for TCNE (2.20 


e-5 cm /sec) and TCNQ (2.00e-5 cm /sec) were 
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Slightly larger than those obtained by Sharp (148) who 
found a value of 1.9le-5 cm2/s for TCNE and 1.42e-5 
cm2 /s for TCNQ. i(p)/(v) = values at the planar 
glassy carbon electrode were constant at all sweep rates 
but for the platinum wire electrode, the values increased 
at low sweep rates. This is because, at low sweep rates, 
cylindrical diffusion contributions must be considered. 

Peak potentials were found to be invariable with 
Sweep rates. Also, examination of Table 4 and Table 10 
reveals that different electrodes and supporting electro- 
lytes do not affect these values. Therefore, there is 
negligible ion pairing between the anion radicals of TCNE 
and TCNQ and the countercations in acetonitrile. The 
same conclusion was found for aromatic hydrocarbon anion 
radicals studied earlier. 

For reversible reduction the peak potentials and the 


half peak potentials are related to polarographic Eh 
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values by 


Eh 


the relation 


E(p) + 1.11 RI/nF 
E(p/2) - 1.09 RT/nF 


At 23°C, and for n=l, RI/nr=0.0255 volts and 


Eh = 


E(p) 40.028. 


or in terms of half peak potentials 


Eh = 


The calculated Eh values are compared relatively to 


literature values in Table 19. 


Table 19. 


Compound 


TCNE 
TCNQ 


E(p/2) - 0.028 


Comparison of Eh Values for the First 
Reduction Wave of TCNE and TCNQ in Acetonitrile 


(0.10 M LiC104) 


Eh vs Ag/Ag+ 
This Work 


-0.086 
-0.118 


EM GVS: SUE 
Melby et al (152) 


+0.152 
+027 


(5.30) 
(5.31) 


(S232 


(S533) 
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In both cases, the Eh value for TCNE is slightly 
more positive that that for TCNQ. This means that TCNE 
in acetonitrile is a slightly stronger n-acid than TCNQ. 
Pons et al (139) have found, using a surface sensitive 


FTIR technique, that in the presence of non-complexing 


TBAF supporting electrolyte, that a monolayer of TCNE anion 


radicals adsorbed flat on the surface of the platinum 
electrode. This was attributed to the formation of an 
electron-donor-acceptor complex between the platinum metal 
and the TCNE molecules. This behavior was absent when 
LiC104 was used as supporting electrolyte. However, this 
behavior was not detected in the cyclic voltammetric 
studies of the first reduction wave. The presence of 
adsorbed TCNE anion radical could affect the reversibility 
of the first wave. i(pa)/i(pc) values could deviate from 
unity values. If the adsorption was strong, prepeaks and 


postpeaks could be observed. However, none of these 
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effects were observed. It is possible that the effect 
observed by Pons et al (139) was very small and since 
cyclic voltammetry is not as sensitive to surface Species 
as the FTIR technique used, it was not observed in this 
work. 

For the second reduction wave of TCNE, i.e. the reduc- 
tion of the anion radical to the dianion (chronoamperometry 
Showed that this reduction involved one electron) reversi- 
bility was only found for both platinum and carbon electrodes 
for Na+ countercation. With Li+, platinum electrode showed 
reversible reduction but the increase of i(pa)/i(pc) values 
was about the same as for the other case where no adsorption 
was present which means that the anion radical was not 
adsorbed. The behavior of the second wave with increase of 
i(pa)/i(pc) with increase in scan rate and the absence of 
prepeaks or postpeaks points toward weak product adsorption 


as discussed by Wopschall and Shain (243). Except for this 
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adsorption of the dianion at carbon, the electron transfer 
rate for TCNE at both platinum and carbon electrodes with 

Na+ and Li+ countercations appears to be fast enough so that 
for the time scale of the voltammetric Spemimente (25 mV/s 
to 500 mV/s scan rates), Nernstian behavior was observed. 
However this cannot be said for TBA+ and TEA+ countercations 
as shown by the results for these two countercations. Not 
only was cation effect apparent but there was also dependence 
on electrode materials. With TBA+ countercation the peak 
cathodic potential for the second wave at glassy carbon 
electrode was 335 mV more positive compared to that at plati- 
num (Table 5). This value was 172 mV with TEA+ countercation. 
Further, the apparent heterogeneous rate constants at glassy 
carbon with TEA+ countercation was (1.2 + 0.1)e-2 cm/s 
compared to 1.8e-3 cm/s at platinum, which was 7 times 
slower. The same trend was observed with TBA+ (3.8e-5 cm/s) 


being 37 times slower than that at glassy carbon (1.4e-3 cm/s). 
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In addition, it was noted that the rate was faster with 

TEA+ than TBA+ countercation. The large shifts in E(pc) 
values, for the case of Nat and Li+, where electrode reaction 
was fast points toward the existence of ion pairing. Further, 
the plot of Eh vs ionic radius given in Figure 58 showed 

that the smaller the ionic radius of the cation, the larger 
the positive shift. This indicates that contact ion pairs 
(172,210) were formed as opposed to solvent separated ion 
pairs. For contact ion pairs it would be expected that the 
strength of ion pairing increased in the order of decreasing 
jonic radius this being TBA+ < TEAt+ < Na+ < Li+ aS was shown 
here. 

At a glassy carbon electrode, there was no evidence of 
adsorption of TCNE~ with both electrodes and all cations, and 
except for the differences in heterogeneous rate constants with 
different countercations points toward the ion pairing 


abilities of the cations. TBA+t is not expected to ion pair to 
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TCNE= to any appreciable extent as confirmed by the results 
obtained for TCNQ= (Table 15). Chauhan et al (246) have found 
that TEA+ formed weak ion pairs with nitromesitylene anion 
radicals in ACN and this may well occur for TCNE=. However, 
Na+ and Lit+ ion paired strongly with TCNE= as shown by the 
positive shifts in Eh. Therefore strong ion pairing tends to 
increase the rate of electron transfer for TCNE~ reduction. 
The present results seem to confirm the proposal by Jeanmaire 
et al (138): a change in geometry from planarity for TCNE~ to 
nonplanarity for TCNE= causes irreversibility for the reduction 
of TCNE~. Also no evidence was given in that study. In the 
presence of the strong ion pairing Nat+ and Li+ countercations, 
the irreversibility of the reduction was lifted because ion 
pairing tends to localize the negative charges at the ethylene 
carbons and therefore maintain the planarity of the dianion. 
For TEA+, only weak ion pairing may be present, and therefore 


a compromised position is reached and the rate constant is 
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between the two extreme cases. Huebert and Smith (2) have 
observed a large stereochemical effect for the reduction of 
the nonplanar cyclooctatetracene to its planar anion radical. 
The electron transfer was found to be slow for this system. 
The results obtained at a platinum electrode are more 
difficult to explain. Certainly, the ion pairing effect is 
present since the TCNE~ reduction showed Nernstian behavior 
in the presence of Na+ and Lit but not with TEA+ and TBA+. 
For the latter two cations, rate constants were much slower 
compared to those at a glassy carbon electrode. Strong 
adsorption of TCNE~ at platinum was not observed since this 
would result in postpeaks and prepeaks. Further, anion 
radical would show up in the first reduction wave. However, 
this was not so because the first wave gave Nernstian behavior 
in all cases. Also, adsorption of the dianion will cause the 
reverse peaks to occur at more positive values but this was not 


the case aS can be seen from the data of Table 5. However, 
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the fact that the reduction peak potentials were more negative 
than those observed at carbon indicate the presence of 
adsorption. Also, Pons et al (139) have shown that adsorption 
of the anion radical of TCNE was present at platinum with TBA+ 
as countercation. It is possible that, as was mentioned 
earlier, cyclic voltammetry was not sensitive enough to 

detect adsorption in this case and further the presence of 
weak adsorption would be masked by the irreversibility of the 
wave due to geometry change. However, the cathodic peak 
potential shifts at platinum compared to carbon (335 mV for 
TBA+, 172 mV for TEA+) appear to be rather large to be 
explained by weak adsorption. Therefore, the only firm conclu- 
sion which can be reached here is that geometry change caused 
the irreversibility of TCNE~ reduction with TBA+ and TEAt 
cations. The smaller rate constants found at a platinum 
electrode compared to a carbon electrode, together with the 


negative shift in cathodic peak potential, could only be 
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tentatively attributed to adsorption of the TCNE“assigned 
based on the results of Pons et al (139). 

In passing, the method of the variation of delE(p) with 
scan rate used in the determination of rate constants deserves 
a little discussion. The A values for different delE(p) 
values, as calculatd by Nicholson (84), assumes that the 
transfer coefficient a is 0.5. The error expected in the 
calculated rate constant with this assumption is small, 
approximately 5%, if the reduction is sufficiently close to 
Nernstian behavior; 1.e. if a does not deviate too much from 
0.5. This means that delE(p) values should be between 60/n 
and 120/n mV. At higher values of delE(p), deviations of a 
from 0.5 become larger. For example for delE(p) having a 
value of 200/n mV, an error of 20% in the determined rate 
constants is expected (61). However, at delE(p) values close 
to the reversible value of 59/n mV, small changes in delE(p) 


give rise to large variations in the values of A, as can be 
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seen from Figure 54. Therefore the best accuracy can be 
obtained if delE(p) values are kept between about 75 mV and 
120 mV, if possible. 

For the reduction of TCNQ, diagnostic criteria for the 
cyclic voltammetric technique confirms the Nernstian behavior 
of both the first and second wave at both electrodes and all 
Supporting electrolytes used. These include the constancy of 
peak potentials at all sweep rates, the value of 1.0 obtained 
for i(pa)/i(pc) values, and delE(p) values close to 59 mV for 
reversible one-electron waves at all sweep rates. The number 
of electrons transferred for the first wave was found to be 
approximately 2.0 for the sum of the first and second wave. 
This implies the formation of the anion radical and the 
dianion. neta value for the second wave was found about 
10% lower than that for the first wave, as was the case for 
TCNE. This is attributed to a small decrease in diffusion 


coefficient for the anion radicals. The peak potentials, for 
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the TCNQ potentials did not show any dependence on counter- 
cations or electrode materials. Therefore no ion pairing was 
present between TCNQ* and TBA+, Nat, or Li+, the cations used 
in this investigation. The second reduction, TCNQ~ to TCNQ=, 
gave peak potential which were dependent on countercations 
although not electrode material. The Eh values, from Figure 
58, increased with decreasing size of ionic radius according 
to TBAt+t > Na+ > Li+. These large shifts with ionic radius 
were again attributed to the formation of contact ion pairs. 
For the TCNQ~ reduction no decrease in heterogeneous rate 
constant was observed for TBA+ because there was no change in 
planar geometry in going from TCNQ to TCNQ=. The presence of 
the quinoid functionality assures planarity whereas the 
ethylenic group in TCNE could not. 

In the presence of mixed electrolytes, the reduction of 
TCNE~ showed adsorption effects as was mentioned earlier 


(Figure 58A). However, the reversible nature of TCNE reduction 
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was not affected. In general the adsorption characteristics 
are typical of product adsorption, namely the adsorption of 
TCNE= or its ion pairs. For example, with 0.095 M TBAF and 
0.005 M LiC104, at a platinum electrode, the sharpness of the 
anodic peak is indicative of product adsorption. Wtih 0.05 M 
TBAF and 0.05 M LiC104 at carbon a prepeak was observed for 
the cathodic scan as well as the sharp anodic peak. This is 
the criterion for strong product adsortion, as given by 
Wopschall and Shain (243). The change in cyclic voltammograms 
for TCNE with 0.05 M TEAF and 0.05 M LiC104 at platinum was 
even more dramatic. Not only was a sharp cathodic peak for 
TCNE~ reduction observed but no reverse peak was seen. 

Instead a very large, sharp peak was observed just anodic of 
the peak for TCNE~ oxidation. This is highly indicative of 
formation of an insoluble mixed salt of TCNE= deposited on the 
electrode which is not oxidized in the potential region of the 


simple TCNE= oxidation and therefore no oxidation current was 
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seen. However at far more positive potential, destruction of 
the insoluble film occurred giving rise to the large, sharp 
peak. The occurrence of this type of peak, which was much 
larger than that caused by usual adsorption behavior, was 
found by Nagaoka and Okazaki (247) for the sparingly soluble 
anthranthrone anion radical / Ba++ salt in DMF. However, in 
their case, the peak occurred in the region of the oxidation 
Of anion radical. 

For TCNQ, mixed electrolytes did not change the reversible 
behavior of both the first and second reduction. This means 
that variation of Eh with cation concentrations could be 
studied at constant ionic strength without the deleterious 
effect of adsorption. Initially, it was established that TBA+ 
did not ion pair significantly with TCNQ=. This was shown by 
the fact that Eh did not shift appreciably with TBA+ concen- 
tration after correction for liquid junction potential. From 


Table 15 it can be seen that for the concentrations of TBA+ 
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used, the largest shift in Eh after correction for Ej was only 
10 mV, certainly not much larger than experimental errors such 
as errors in reading and in locating E(p/2) values used for 
obtaining Eh (about 5 mV). For the variation of Eh with metal 
cations Na+ and Lit, the condition of the metal cations being 
in large excess of the TCNQ concentration for the validity of 
equations (5.19) and (5.22) is satisfied by keeping the TCNQ 
concentration at 5.00 mM or greater. Since TCNQ= did not form 
any ion pairs with the cations studied, only equation (5.23) 
applies to the present study. It was shown in Figure 59 the 
plots for delEh vs log Cmt+ exhibited two linear segments for 
both Na+ and Lit. This is indicative of the formation of ion 
pairs with two different stoichiometries. In the case of Li+, 
the slopes of 52 and 122 mV for the two segments are very 
close to those of 59 and 118 mV for the theoretical quantita- 
tive formation of TCNQ=,Li+ ion pairs with 1:1 and 1:2 stoichi- 


ometries. The formation constants were then calculated from 
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equation (5.23) using the data from the segment where the 
respective ion pair was formed. In the case of sodium the 
slopes for the linear segments were smaller than the theoreti- 
cal values, being only 27 and 80 mV. This means that formation 
of the 1:1 and 1:2 ion pairs was not quantitative and therefore 
less strong than for Lit. The same method was used for calcu- 
lation of the formation constants for the TCNQ=,Na+ ion pairs. 
However, in this case, care was taken to avoid points in the 
crossover region for the two line segments where curvature of 
the plot arose. Values of formation constants obtained in this 
manner were found to be reasonably constant for different 
points in the same linear segment, in all cases exhibiting a 
standard deviation of about 10% of the calculated values. The 
values for the formation constants given in Table 17 show that 
the strength of ion pair formation for Li+ was about 100 times 
greater than that for Na+ for both species formed. 


The presence of ion pairing between TCNQ= and Na+ and Lit 
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cations has been confirmed by shifts in vibrational absorptions 
of the C=N stretch mode observed in the authors laboratory 


(172). The results are shown in Table 20. 


Table 20. Vibrational Absorption (C=N stretch) for TCNQ: and 
TCNQ= with Different Supporting Electrolytes (0.10M). 
C=N Absorption Bands (cm ). 


Species TBAF Nac104 LiC104 

TCNQ: 2VSd 5 no change no change 
FAs ne) no change no change 

TCNQ= 215026 2156.4 (ali tent 
2104.3 CurGe (alates 


For TCNQ: no ion pairing was present and no shift in the 
absorption bands was observed. However, the TCNQ= absorption 
bands shifted to higher energy with increased strength of ion 
Dalring (IBAt > Nat=> Lit). Ints is consistent with the view 
that ion pairing localizes the negative charges on the dicyano 


carbon and reduces delocalization through the C=N bond which 
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tends to reduce the triple bond character. 

As mentioned in the results section, freshly prepared 
Solutions of TCNE in acetonitrile were colorless but upon 
Standing turned yellow. If supporting electrolyte was 
present the color change was obvious for TBAF but not so 
much for LiC104. The fact that the solution containing 
TBAF showed two additional absorption peaks at 3973 R and 
4159 A (Figure 60) offers a simple explanation since these 
two peaks correspond to the absorption maxima of TCNE in 
water at 3956 A and 4125 A (Figure 60). These two absorp- 
tions are probably due to the formation of weak charge- 
transfer complexes between water and TCNE. In the presence 
of LiC104, these absorptions were not observed because at 
the low concentration level of water in purified acetoni- 
trile (probably 1-2 mM), most of the water present was tied 
up by Lit ions, which were present at 0.1M. 


The MSRS spectrum obtained when the potential was 
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stepped to the diffusion controlled region of the first 


wave corresponded to the spectra of the anion radicals of 


TCNE and TCNQ obtained by other workers. The dianion of TCNE 


did not show any absorption in the wavelength region studied 
(8000 A to 2000 A) whereas for TCNQ only a weak absorption 
was observed with A max at 3007 A. This is in agreement 

with results by other investigators (163). The determination 
of rate constant for the protonation of TCNE and TCNQ anion 
radicals is based on the assumption of first order decay of 


these species. Since the concentrations of water were 2.05 M 


and 3.64 M for TCNE (1.00 mM) and TCNQ (1.00 mM) respectively, 


pseudo first order conditions existed and the assumption is 
valid. 

Sharp (148) studied the first order decay of TCNE 
and TCNQ anion radicals in acetonitrile by observing changes 
in i(pa)/i(pc) with scan rates. No water was added to the 


solutions and decay was assumed to be due to trace 
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impurities present in the solvent. The rate constant for 


TCNE: decay was found to be about 20 times greater than 


that for TCNQ:. However, in this work, this value was 


found to be 2. 


It is concluded that simple electrochemical techniques 


can be effectively utilized to study ion association reactions 


in solutions of high dielectric constant. Coupled with 


Standard spectrophotometry and spectroelectrochemistry, these 


methods allow fast and accurate determination of stoichiome- 


tries, mechanisms, and kinetic parameters of these reactions. 
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